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Abstract 
  Two approaches of through-silicon-via (TSV) etching methods, the Bosch process 
(alternating etching/passivation phases) and the single-step etching, have been experimentally 
investigated and theoretically modeled in this study. Parameter ramping and post-etch plasma 
treatment techniques have been performed on the bias voltage, pressure and gas flow rate to 
address profile defects produced by the Bosch process, such as profile bowing and sidewall 
scallops. A single-step etching method mixing SF6 and C4F8 gases is developed in this study 
as an alternative TSV etching approach to realize ultra-smooth and vertical TSV profiles. A 
major purpose of this study is to exploit solutions of producing high aspect-ratio, ultra-smooth 
TSV profiles at a high etch rate (ER).  
  In this study, time-dependent simulation models are established for both Bosch process 
and single-step etching method using a finite-element-method (FEM) program, COMSOL, by 
taking into account the thermal etching of F atoms, ion-enhanced etching, neutral deposition 
and ion-enhanced deposition mechanisms, as well as the angular dependence of the ion 
sputtering with aspect to a surface element. The simulation model is cost-effective tool for 
predicting the etch profile evolution of TSVs. The major ion and neutral species used in the 
simulation model, including SF3
+, CF3
+, CF2 and F, are validated by the plasma chemistry 
study using the mass spectroscopy technique.   
  TSV profile defects produced by the Bosch process have been experimentally reduced 
by hardware improvement and process modification. The LAM Syndion C chamber employed 
in this study is capable of stably alternating process parameters of the etching and passivation 
phases within less than 1 second. A post-etch NF3/O2 plasma treatment has been used to 
successfully eliminate the scallops on the profile sidewalls but it creates a ring-shaped defect 
at the bottom of the profile. Optimizations on the bias voltage, gas ratio and pressure has been 
performed in the post-etch treatment to minimize the bottom ring defect. A process-of-record 
(POR) Bosch process and a POR post-etch treatment process have been proposed in this study 
to realize an optimal TSV etch profile.  
  Experimental results show that a profile discontinuity, or a “transition”, appears on the 
TSV profile produced by the single-step etching method, especially at high bias voltages and 
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high SF6 flow rates. The sidewall smoothness above and below the transition is found to be 
very different. Ultra-smooth sidewalls are realized by the single-step etching method below 
the transition, compared to the POR Bosch process. Parameter study of the single-step etching 
shows that decreasing pressure, reducing bias voltage, and decreasing SF6/C4F8 ratio can 
improve the sidewall smoothness and eliminate the transition on the TSV profile. However, 
the resulting ER realized using these transition-eliminating approaches is significantly 
reduced. 
  The comparison between the simulation results and experiments suggests that 
consideration of a high-energy and a low-energy SF3
+ ions are critical for matching the 
simulation etch profile with the experiments. It is found that the underlying reason for the 
transition formed by the single-step etching originates from the difference of the ion angular 
distributions of etching species and depositing species. Both experiments and simulation 
results indicate that the low-energy SF3
+ ions mainly participate in the polymer sputtering 
process and the high-energy SF3
+ ions are the dominating species for Si etching in single-step 
etching processes. 
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Chapter 1 Introduction 
 
1.1 Background 
1.1.1 Plasma-assisted silicon etching 
Plasma-assisted etching remains one of the most important etching techniques in 
large scale circuit integration since it was first introduced to the silicon-based semiconductor 
industry. The key of plasma-assisted silicon etching is using chemically reactive particles 
dissociated from a gas discharge which react with silicon substrate to form volatile products. 
Fluorine-based gases (F2, CF4, SF6, NF3, etc.) and chlorine-based gases (Cl2, CHCl3, etc.) are 
commonly chosen for reactively etching silicon features to produce volatile etch products 
such as SiF4 and SiCl4, respectively.  
For circuit integration purposes, specific dimensions and quality of an etch profile are 
required in order to realize subsequent processes, such as oxide deposition, buffer layer 
growth, and metal filling. Therefore, detailed plasma-surface interactions become critical to 
study the mechanisms at different phases of a silicon etching process, starting from absorption 
of the chemically reactive particles from a plasma, to desorption of volatile products from the 
silicon surface. Based on a large amount of experimental data conducted on silicon-etchant 
reactions, Winters and Coburn have concluded that for a silicon-fluorine etch system, various 
etch products (SiF4, Si2F6, or Si3F8) are created depending on the specific location that F 
atoms attack inside the pre-formed SiFx (x = 1, 2, or 3) layer on top of silicon [1]. Similarly, 
exposure of silicon surface to Cl2 shows a surface confinement of one or more monolayers of 
chlorine [2,3], and SiCl2, SiCl4, and Si2Cl6 are major etch products generated by the Si-Cl etch 
system from experimental observations [4-6]. Other silicon etch chemistries obtained by the 
hydrogen-silicon system [7], CFx-silicon system [8], or bromine-silicon system [9], are 
studied by various research groups. It is frequently seen, however, that a mixture of several 
gases (CH4/Cl2, CF4/SF6, etc.) is favored in silicon etching for high selectivity and etch rate 
(ER) uniformity purposes.  
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It is found that the ER and ratio of different etch products are significantly affected by 
etch temperature, doping density, kinetics of the etching particles in the plasma, and many 
other parameters [1,10,11]. An important example is the strong influence of energetic ion 
bombardment on ERs. Experiments conducted by Coburn and Winters have demonstrated that 
an addition of 450 eV argon ions to XeF2 gas enhances ER significantly, as shown in Figure 
1.1 [12]. The fact that the ER subjected to a combination of both XeF2 and Ar
+
 exceeding the 
sum of the ERs obtained by XeF2 and Ar
+
 separately shows that the ion-enhanced etching is a 
synergistic effect.     
 
Figure 1.1 Demonstration of ion-enhanced etching on poly-silicon by comparing etch rates 
realized by XeF2 only, both XeF2 and Ar
+
, and Ar
+
 only. 
 
1.1.2 High aspect ratio (HAR) silicon etching  
One critical requirement for silicon etching in circuit integration applications is to 
realize anisotropic etch profiles by preferably removing substrate materials in the vertical 
direction. Because of growing demands on smaller dimensions of semiconductor transistors 
and memory devices, high aspect ratio (HAR) silicon etch becomes an important technique to 
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improve the stacking capability.  
Early research mainly uses the wet etch method to realize HAR silicon etching [13]. 
Wet etch realizes deep anisotropic etching by a mechanism called “orientation-dependent 
etching”, when the silicon substrate is submerged in an alkaline solution. For instance, in a 
potassium hydroxide (KOH) solution, silicon ERs along the {100} and {110} directions are 
found to be several hundred times of the ER along the {111} direction. Although the aspect 
ratio of silicon features obtained by the wet etch method is reported to be as high as 600 [15], 
etch structure fabricated by wet etch is limited in specific directions depending on inherent 
silicon orientation.  
A more widely-used technique, plasma-assisted dry etch, is considered to have more 
flexibility in HAR etching applications because the behavior of the plasma species is 
controllable by varying etch parameters, such as the source power, substrate bias voltage, and 
chamber pressure. In plasma-assisted dry etch, the positive ions are normally directed by a 
negatively bias voltage applied on the substrate and accelerated across the plasma sheath to 
enable an anisotropic etching. The bias voltage supplies ion bombardment energy to initiate 
chemical reactions between etchants and substrate materials. Although it is plausible to realize 
a HAR structure by continuous anisotropic ion bombardment, it is almost impossible to obtain 
a desired HAR etch profile due to limitations and requirements on selectivity to mask, ER and 
sidewall smoothness. A practical approach to meet these requirements is to use ion-enhanced 
etching to increase ER and anisotropy simultaneously by introducing sidewall passivation. 
Etch chemistry needs to be carefully chosen as well in order to obtain good selectivity to 
either a soft mask, such as photoresist (PR), or a hard mask, such as silicon oxide (SiO2). 
A low-temperature reactive ion etching (RIE) process proposed by Tachi and 
colleagues in 1988 has proved that sidewall passivation in silicon trenches is possible by 
mixing CF4 and CBrF3 gases to a SF6 plasma if the etch temperature is below -100 ˚C [16]. 
This type of etch processes is also referred as the “cryogenic process” due to the necessity of 
very low temperature. In most recent cryogenic processes, SF6 and O2 are frequently used to 
obtain an anisotropic etch pattern by effectively passivating sidewalls. In the SF6/O2 chemistry, 
neutral fluorine (F) atoms are believed to be the etch radicals and the passivation layer is 
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reported to be an oxide-fluoride compound (SiOxFy) film with a thickness of 10-20 nm [17]. A 
cryogenic process often uses a hard mask to prevent mask cracking from low temperature. 
HAR trenches with a ER of ~ 4 μm/min, an aspect ratio of larger than 10:1, and a selectivity 
of 750 can be achieved by cryogenic process using a SiO2 hard mask [18]. Although 
cryogenic processes have many advantages in fabricating HAR features, the practical 
limitations of using very low temperature can cause problems in terms of production cost and 
efficiency.  
An alternative approach for sidewall passivation in HAR structures is to perform an 
alternating etch-passivation process, also known as the Bosch process [19]. Compared to the 
steady-state cryogenic etch, the Bosch process is preferably used today in HAR etching due to 
its low requirements on hardware and ability to reach very high aspect ratio. In this approach, 
SF6 is frequently used as the etch gas to maximize ER at the etch step, and C4F8, C4F6, and 
CHF3 are proved to be effective passivation gases to form polymers on sidewalls at the 
passivation phase [19,20,21]. Figure 1.2 shows a schematic diagram of the Bosch process 
with alternating SF6 and C4F8 gases at the etching and passivation phases, respectively. It is 
clear that the key mechanism for the Bosch process to obtain anisotropic HAR structures is 
that the combination of physical ion sputtering and chemical etching in the etch step 
completely removes the passivation at the bottom of the features but only partially removes 
passivation on the sidewalls. Therefore, an optimal balance between etch and passivation is 
important for achieving good quality HAR structures using the Bosch process: if 
polymerization is increased above the optimal balance, it takes longer time for the ions to 
punch though the passivation layer at the bottom to enable further etching. However, 
polymerization below the optimal condition can lead to an isotropic etching due to 
insufficient passivation on the sidewalls.  
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Figure 1.2 Schematic diagram of Bosch process with alternating passivation phase using C4F8 
and silicon etch step using SF6 (from Wu et al. [15]).  
 
Although the Bosch process is believed to have ability to achieve high ER and HAR, 
an intrinsic problem caused by this two-step alternating process is the sidewall scalloping 
defect. Scalloped profiles are highly undesirable because it can cause voids and defects in the 
subsequent metal filling processes, leading to physical and electrical failure on devices. Many 
modifications have been studied for the Bosch process to optimize the sidewall smoothness 
by reducing scallops. Some important results will be discussed in the following sections. 
 
1.1.3 Through silicon vias (TSVs)  
Through silicon via (TSV) is an important application of HAR structures. TSVs are 
typically used to interconnect function units and multiple logic, memory or sensor chips in a 
semiconductor device to obtain 3-D integration. TSV technique has the potential to become a 
critical approach to overcome the scaling limit in semiconductor industry. 
Depending on whether TSVs are fabricated before the initial process step, before 
meta filling, or after the final process step, etch processes are classified into “via-first”, 
“via-middle” or “via-last”, respectively [22]. Applications using the TSV technique have been 
explored to realize higher bandwidth, higher density and lower power in semiconductor 
devices continue to increase. Figure 1.3 shows the structure of a “hybrid memory cube 
(HMC)” which interconnects four dynamic random access memory (DRAM) chips using 
TSVs. By stacking multiple memories directly on top of a logic chip, low power consumption 
and high bandwidth can be achieved by the HMC. 
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Figure 1.3 Structure of a “hybrid memory cube (HMC)” interconnecting four DRAM chips using 
TSVs (from http://hybridmemorycube.org/news.html). 
 
TSVs usually have relatively large critical dimensions (CDs, 1-50 μm) with aspect 
ratios up to 15:1, depending on the specific integration scheme [15]. High module density, 
low operation power and high bandwidth are the critical goals of using TSV technology in 
3-D integrated devices. The quality of TSV profiles significant affects the quality of 
subsequent filling steps for a “via-first” process, and the aspect ratio of TSV structure 
determines the number of chips can be stacked. 
 The basic requirements for TSV etch profiles are high ER, HAR with smooth 
profiles, and high selectivity between silicon and the mask. Smooth sidewalls are essential for 
a void-free metal-fill process, and a positively tapered profile is sometimes preferred for the 
same reason. An appropriate standard for the industrial TSV applications should meet these 
requirements: An ER of larger than 5 μm/min, a HAR of larger than 10:1, a selectivity to 
photoresist (PR) mask of larger than 50, and most importantly, the maximum size of sidewall 
defects (scallops, striations and gouges) should be smaller than 1% of the TSV CD. A 
cost-effective method is preferred for industrial manufacture purposes.  
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1.2 Motivation 
Currently available techniques for HAR TSV etching, including the cryogenic etch 
and the Bosch process, face a number of challenges in fabricating good quality TSV profiles 
and meeting the industrial requirements for 3-D integrations. Unfortunately, most of these 
challenges are inherent in the methodology and chemistry of the technique itself. For the 
cryogenic silicon etch method, the major difficulty is to obtain straight TSVs with aspect 
ratios large than 30:1 [15] at a very low temperature, but an etch temperature of lower than 
-100 °C is necessary for good passivation using this technique; for the Bosch process 
approach, scalloped TSV profiles cannot be completely eliminated due to the intrinsic etch 
mechanism of alternating etch and passivation phases.  
In order to open up the industrial application horizons of the cryogenic etch, it is 
necessary to increase the etch temperature to near room temperature and keep effective 
sidewall passivation simultaneously. Therefore, an alternative etch chemistry other than the 
SF6/O2 etching needs to be found to achieve this goal. However, if such a chemistry is proved 
available, the cryogenic etch will need to be renamed as “steady-state etch” or “single-step 
etch”, due to the increased etch temperature. On the other hand, a large number of process 
modifications have been reported for the Bosch process to optimize etch/passivation 
chemistries to minimize the scalloping, but further optimization needs to be studied to achieve 
better TSV profiles without sacrificing ER and selectivity. Some of previous research on both 
the cryogenic etch and the Bosch process, as well as remaining challenges, will be elaborated 
in section 1.3.  
An interesting perspective on searching an optimal solution for etching good quality 
TSVs is to merge the cryogenic etch and Bosch process in an appropriate manner. For 
example, if a Bosch process with very short duration times at both etch and passivation 
phases is possible, it can be considered as a near steady-state process due to the lag of gas 
flow between two steps. On the other hand, if the etch and passviation steps of a conventional 
Bosch process are not distinguished as a “pure etching (no passivation)” phase and a “pure 
passivation (no etching)” phase, but as an etching-dominant step (with some passivation) and 
a passivation-dominant step (with some etching), then this modified Bosch process resembles 
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a near single-step process. Finally, if the optimized process window for a simultaneous etch 
and passivation process can be found to achieve high ER and good profile quality, it can 
clearly be a good alternative method to the cryogenic etch or the Bosch process in HAR TSV 
applications. However, the possibility of HAR TSV etching by simply introducing etching gas 
(SF6) and passivation (C4F8) together at near room temperature, which adopts the chemistry of 
the Bosch process and the methodology of the cryogenic etch, has not been widely studied. 
These unsolved issues of current TSV etching methods and the increasing interest and 
demands for TSV applications are the main motivations for this study.  
 
1.3 Study of TSV Etching Methods 
1.3.1  Deep silicon etching by the Bosch process  
The Bosch process repetitively alternates the etching and passivation phases to realize 
deep etching. When the duration times of both the etching and passivation phases are long 
compared to the overlapping time between steps due to a lag in chemistry, the etching and 
passivation phases can be considered independent from each other. According to Nagarajan et 
al. [23], using a SF6/C4F8 Bosch etching/passivation process, the reactions in the etching 
phase consist of a dissociation step and a silicon removal step: 
 𝑆𝐹6 + 𝑒
− → 𝑆𝐹5
+ + 𝐹 + 2𝑒− (1.1) 
 𝑆𝑖 + 4𝐹 → 𝑆𝑖𝐹4 (𝑔𝑎𝑠) (1.2) 
Similarly, the passivation phase is realized by a dissociation of C4F8 and a subsequent 
polymerization process: 
 𝐶4𝐹8 + 𝑒
− → 𝐶3𝐹6 + 𝐶𝐹2 + 𝑒
− (1.3) 
 𝑛𝐶𝐹2 → (𝐶𝐹2)𝑛 (1.4) 
where (CF2)n is formed as a hard, teflon-like polymer layer. A more detailed study by 
Vasenkov et al. [24] suggests that the CF2 monomers mainly result from the following 
reactions:  
 𝐶4𝐹8 + 𝑒
− → 𝐶2𝐹4 + 𝐶2𝐹4 + 𝑒
− (1.5) 
 𝐶2𝐹4 + 𝑒
− → 𝐶𝐹2 + 𝐶𝐹2 + 𝑒
− (1.6) 
9 
 
Laermer and Urban studied several types of plasma sources for the Bosch process and 
pointed out that an inductively coupled plasma (ICP) source is optimal for its ability of 
generating high-density etching radicals and a controllable ion energy onto the substrate [25]. 
The ICP remains the most dominant source for the Bosch process for industrial applications 
till today, and its capability for rapidly controlling the gas switches has improved significantly 
using sophisticated automated sensor systems.  
For industrial applications of TSVs, the two most critical criteria in TSV Bosch 
etching are: (1) ER, and (2) sidewall smoothness. It is obvious that both criteria can be 
affected by one or multiple of the following process parameters: pressure, source power, bias 
voltage, gas flow rate, phase duration time and temperature. For example, it is found that in 
the SF6/C4F8 Bosch process, increasing chamber pressure in a relatively low pressure regime 
results in a higher silicon ER because the concentration of the etching radicals increases at a 
higher pressure. However, further increasing pressure reduces the ER due to the following 
two reasons: (1) Ion energy impact onto the substrate decreases at a higher pressure owing to 
a shorter plasma sheath [21]; (2) Angular distribution of ions and neutrals increases with 
pressure, resulting in a flux decrease in the vertical etching direction. It is likely that two or 
more process parameters affect the ER together as a synergistic effect. A comparison of ERs 
obtained by different Bosch processes using the SF6/C4F8 chemistry is shown in Table 1.1. It 
is reported that an ER of larger than 20 μm/min can be achieved using the Bosch process 
[2621]. 
 
Table 1.1 Etch rate comparison of Bosch processes in ICP chambers 
 C4F8 Passivation Phase SF6 Etch Phase  
Etch rate 
(μm/min) 
Power 
(W) 
Bias Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(s) 
Power 
(W) 
Bias Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(s) 
Reference 
0.05 200 50V 50 20  200 100V 5 5  [20] 
3.4  2W < 90 90 7  12W < 90 136 14.8 [21] 
0.23 850 50W 20 300 6 850 50W 20 160 7 [27] 
3.0-3.5 600 0 17 85 5 600 20W 26 130 6 [28] 
2.5-3.1 600 0  80 9 600 15W  130 15 [29] 
 
Despite the complexity of the interactions of process parameters on the ER, the nature 
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of the Bosch process is a competition between etching and passivation in the vertical direction 
and a balance between etching and passivation in the horizontal directions. Therefore, the key 
of understanding the effects of each process parameter is to analyze its effect on the 
etching/passivation competition in the etching direction and the balance in the directions 
vertical to the etching direction, respectively.  
Many research groups have been devoted to find solutions for reducing the sidewall 
scallops produced by the Bosch process. Laermer and Urbana conducted a Bosch process 
using very short duration times (< 1 s) of both etching and passivation phases (or “ultrafast 
gas switching”) [30] to have reduced the scalloping on trench sidewalls significantly, as 
shown in Figure 1.4. However, the micro-sized striations are visible at the lower part of the 
trenches, indicating the formation of micro-roughness on the trench sidewalls. The size of 
roughness is relatively small compared to trench widths in this study, but in a TSV profile 
with a typical CD of 1-50 μm, micro-sized striations become significant, which can strongly 
degrade the quality of TSVs.    
    
 
Figure 1.4 Trench sidewall SEM pictures etched by a Bosch process using the “ultrafast gas 
switching” technique. Micro-sized striations are visible at the bottom of the trench shown in the 
low magnification picture (left) (from Laermer et al. [30]).  
 
Alternative etching and passivation chemistries in a Bosch process have been 
compared in optimizing the etch profiles. The anisotropy of the etch profile using C4F6 as a 
passivation gas was found to be comparable or better than C4F8 due to a higher polymer 
deposition rate. The deposited polymer layer by a C4F6 plasma was found to be more difficult 
to etch due to a lower F/C ratio [20]. It can be seen that using low F/C gases may improve 
10 μm 2 μm 
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sidewall passivation and increase profile smoothness, but it may also cause a drop in the ER. 
Therefore, optimization in process chemistry is needed to maximize the ER and overall 
profile quality.   
Several post-etch treatment methods were studied and found effective in minimizing 
the scalloping on profile sidewalls. According to Lee et al.[31], a post-etch annealing step 
conducted in a hydrogen filled environment at a temperature of larger than 1000 ˚C can be 
used to reduce sidewall scallops successfully. The nature of this post-etch annealing is an 
atomic migration resulting from thermal activation at a very high temperature. However, this 
type of treatments is not practical for many applications when circuits and function layers are 
integrated because it is very likely that the annealing temperature exceeds the temperature 
tolerance of materials used in a device.       
It is reported that sub-200 nm silicon TSVs can be achieved by optimizing the Bosch 
etch process conditions [27] with smooth sidewalls and an aspect ratio of 13:1, as shown in 
Figure 1.5. However, profile tilting of ~ 5˚ is visible for all TSVs fabricated by this process, 
and a 1.1 μm thick SiO2 hardmask is needed to compensate the low selectivity (Si:SiO2 < 5:1) 
in this study.  
 
 
Figure 1.5 Sub-200 nm TSV etch obtained by the Bosch process, experiment parameters is listed 
in Table 1.1 (from Wang et al. [27]) 
 
1.3.2 TSV etching by the cryogenic etch method 
One of the advantages in deep silicon etching by the cryogenic etch is that it 
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simultaneously controls the etching and passivation balance on both feature bottom and 
sidewalls. The cryogenic etch represents a steady-state process which does not cause scallops 
on sidewalls due to a continuous etching/passivation chemistry. However, a good profile with 
vertical sidewalls may not be obtained using a steady-state chemistry due to depletion of both 
ions and etching radicals as feature depth increases, known as the “aspect ratio dependent 
etching” (ARDE). It is known that the loss mechanism of radicals and ions are different: 
radical depletion is governed by Knudsen transport and reactions with sidewall materials, and 
ion loss is caused by scattering and deflection to sidewalls by an initial angular distribution 
[32]. This causes problems for all etching processes, especially for a steady-state process in 
adjusting chemistry balances at different depths. Typical etch profiles obtained by a 
steady-state cryogenic process are shown in Figure 1.6. It can be seen that although the 
verticality can be improved by optimizing the O2 flow rate, TCP power and chamber pressure, 
a common issue of all etch profiles is the bowing at the top part of the features as a result of 
the ARDE.   
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Figure 1.6 Submicron silicon trenches obtained by cryogenic etch process, with etch rate > 4 
μm/min, aspect ratio > 10:1, verticality > 89.5˚, and mask selectivity of 26:1 (from Pruessner et al. 
[18]). 
 
It is found that the ARDE can be reduced with the help of a magnetic field, as shown 
in Figure 1.7 [33]. In this study, an anisotropic profile etched by a SF6/O2 process with 
minimum bowing and undercut are obtained by using a rotating 120 G dipole ring magnet 
(DRM). The angular distribution of ions is tightened by the magnetic field, therefore, a better 
anisotropy and sidewall passivation are realized. This study provides a method to obtain high 
ER (> 6 μm/min for 5 μm CD TSVs), high aspect ratio (> 30:1) and high mask selectivity (~ 
40:1 to photoresist) TSVs even at near room temperature (10 ˚C). However, profile tilting and 
poor CD uniformity remained as issues as the etch depth increases, and sidewall smoothness 
data was not shown in detail in this study. 
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Figure 1.7 SEM pictures of a 30 μm Si TSV etched (a) without and (b) with a DRM configuration 
in the etcher (from Helmersson et al. [33]). 
 
1.3.3 Other possible approaches for TSV etching 
A couple of new processes evolved from the Bosch process and cryogenic etch have 
been proposed. A three-step HAR silicon etching process using progressively ramping 
parameters was studied by Chabloz et al. [34]. This process starts with a passivation 
predominant process by depositing a thick passivation layer in the features in addition to a 
low ion bombardment, and the etching/passivation gas ratio are modified to obtain an 
etching/passivation balance as the etch depth increases. At the end of the etching process, 
chemistry is inverted to an etching predominant process in order to increase CD at the bottom 
of the features, as shown in Figure 1.8. The sidewall smoothness is improved by a factor of 4 
using this parameter ramping approach.    
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Figure 1.8 Mechanism of the three-step HAR silicon etch process consisting of gradually 
increased silicon etch over passivation (from Chabloz et al. [34]). 
 
  The approach explained above is essentially a process combining the etching and 
passivation phases but in a progressive manner. It resembles a single-step etching by 
introducing etch gas and passivation gas simultaneously. In fact, a few single-step silicon 
etching processes have been studied to produce micro-sized trenches [35] and nanoscale 
pillars [36] using a combined SF6/C4F8 chemistry, as shown in Figure 1.9. However, the 
remaining issues of these processes are low ER (1.6 μm/min from [35] and 0.22 μm/min from 
[36]) and very low aspect ratio. The main reason for such low ERs may be related to the 
pairwise extinction effect due to mixture of etching and passivation gases. 
 
 
Figure 1.9 A micro-sized trench (left, from Sumanwar et al. [35]) and nanoscale pillars (right 
from Hung et al. [36]) etched by a single-step process using a combined SF6 and C4F8 gases. 
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1.3.4 Remaining concerns 
With a brief review of some of the past studies on the methodologies and 
optimizations on deep silicon etching, it can be seen that the dynamics of the etching and 
passivation processes are far from fully understood, and theoretical models on etching 
kinetics need to be established. Issues caused intrinsically by either the Bosch process or the 
cryogenic etch need to be solved before they can be applied to industrial HAR TSV 
applications. 
First, HAR TSV etching has more strict quality requirements than other HAR features, 
such as trenches, because the cylindrical geometry of a TSV requires good uniformity and 
smoothness for a continuous sidewall surface, whereas in the HAR trench etching, the profile 
quality is defined by the shortest dimension (the width). For industrial application purposes, 
HAR TSV etching need to be conducted on state-of-the-art 300 mm wafers to study the 
loading effect, the quality of individual TSVs, as well as the overall etching uniformity across 
the wafer.  
Second, the kinetics of etching and passivation phases is not well understood. 
Plausible assumptions made in the evolution of the ion and radical transportations at the 
etching phase, and the polymerization process at the passivation phase still lack of proof or 
solid explanations. A plasma model is desirable to verify proposed assumptions and predict 
the profile evolution using different techniques. Unfortunately, very few research has been 
conducted to study this subject. 
Third, despite many preliminary investigations on the impact of individual process 
parameters, such as chamber pressure, source power, bias voltage, temperature, and gas ratio 
for the quality of deep silicon features, interactions of these parameters have been overlooked 
in most of the previous studies. A thorough study of the effects of these process parameters is 
yet to be performed to investigate the significance of individual process parameter and their 
synergistic effect in TSV etching.  
Last, there is still much room left for further optimizing the HAR TSV quality using 
either the Bosch process or a single-step etching at a high ER. Advanced hardware 
capabilities, such as the ultrafast gas switching, fast bias voltage and source power switches, 
and parameter ramping technique are currently available in various types of etching chambers. 
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These technologies can be beneficial in controlling both etching and passivation processes for 
a Bosch process in a more independent manner. For the single-step HAR TSV etching, it is 
believed that it can be a promising alternative of the Bosch process as more stringent 
requirements are demanded for TSV sidewall roughness, however, much progress in 
increasing ER and profile quality needs to be made before it can be applied to TSV 
applications and large volume production.  
 
1.4 Summary of Critical Findings in this Study 
This section summarized a list of the important accomplishments achieved by this 
study. In this work, two areas of research have been explored and investigated for the TSV 
etching process. First of all, experimental investigations on optimizations of the Bosch 
process for realizing high ER, high aspect-ratio and smooth sidewalls in TSV etch profiles. In 
order to completely eliminate the sidewall scallops and produce extremely smooth TSV 
profiles, an innovative single-step TSV etching using a mixed SF6/C4F8 chemistry is 
developed and investigated. Second of all, time-dependent simulation models are established 
for both Bosch process and single-step etching method and compared with the experimental 
results. These simulation models can provide information on etch dynamics and profile 
evolution for future experimental studies. Some of the advancements in the field of TSV 
etching achieved by this study include:  
    1. Plasma chemistry study of SF6/C4F8 plasmas and comparison between SF6/C4F8 
plasmas and pure SF6 or C4F8 plasmas. 
   In this study, positive ions and negative ions are identified using the Secondary Ion 
Mass Spectrometer (SIMS) method at different plasma conditions. Neutral species are 
investigated using the appearance potential using the mass spectroscopy technique. The 
plasma chemistry of a mixed SF6/C4F8 plasma is compared with a pure SF6 or a pure C4F8 
plasma by studying the intensity difference of major ion and neutral species at the same 
partial pressure. 
  2. The ultra-fast gas switching and parameter ramping methods in Bosch process 
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In this study, an ultrafast gas switching method is applied to realize a 500 
milli-second (ms) C4F8 passivation phase and a 700 ms SF6 etching phase in Bosch processes. 
The effects of process pressure, bias voltage source power, and substrate temperature of the 
etching and passivation phases are individually studied. The information obtained from the 
study of individual process parameters provides guidance on profile shape control, profile 
smoothness, and ER of a Bosch process. Parameter ramping method provides solutions to 
reduce the ARDE effect as previous studies have shown. With these optimizations, it is 
possible to obtain an ER of larger than 10 µm/min with good profile quality using the Bosch 
process approach in this study. 
  3. Eliminating sidewall scallops produced by the Bosch process by a post-etch plasma 
treatment   
A short (25 s) post-etch plasma treatment step using a NF3/O2 chemistry is employed 
in this study to successfully eliminate the scallops produced on TSV sidewalls by the Bosch 
process. Although the post-etch treatment creates a ring-shaped defect near the bottom of the 
TSVs, it can be minimized by manipulating the RF source power, bias voltage, and NF3/O2 
ratio of the post-etch plasma treatment. It is also concluded from the parameter study that this 
bottom ring may result from a chemistry discontinuity by using the NF3/O2 plasma 
subsequent to the SF6/C4F8 plasma etching.  
  4. Development of a single-step TSV etching method operated at near room 
temperature  
A novel single-step TSV etching process based on SF6/C4F8 chemistry is elaborated in 
this study to overcome the intrinsic disadvantages of the Bosch process. The role of RF source 
power, bias voltage, SF6/C4F8 ratio, and the effects of addition gases, such as Ar, SiF4, and O2 
have been investigated in details. The advantages and disadvantages of the single-step etching 
method are compared with the Bosch process, in terms of ER and TSV profile quality. The 
mechanism for the transition formed on the TSV profiles etched by the single-step etching 
method is proposed. Approaches of eliminating the transition is investigated by parameter 
optimizations.  
  5. Time-dependent simulation models for both Bosch process and single-step TSV 
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etching 
Time-dependent models of Bosch process and single-step etching are established to 
predict TSV etch profile evolution using the finite-element-analysis program, COMSOL 
Multiphysics (COMSOL). The established COMSOL models for both Bosch process and 
single-step etching integrate flux distribution computation of all ions and neutral species with 
a surface deformation model to investigate the detailed dynamics of the TSV etching. These 
simulation models also take into account the effects of high-energy and low-energy etching 
ions, neutral F etching, and polymerizing neutrals and ions. The detailed geometry effect and 
shadowing effect of the photo-resist (PR) mask are considered in the simulation as well. One 
of the major advantages of the established simulation models is that all the properties (angular 
spread, ion energy, and flux) of the ion and neutral species can be considered as individual 
variables and set as time-dependent parameters to apply to the parameter ramping studies.   
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Chapter 2 Apparatus and Experimental Setup 
2.1 Experimental Setup 
Experiments in this study are carried out in the LAM 2300 Syndion C etching system 
(LAM Research Corporation, Fremont, USA). The LAM2300 Syndion C etcher is based on 
LAM’s Transformer Coupled Plasma (TCP) technology and is essentially a modified ICP 
process chamber. The schematic diagram of the Syndion C system is shown in Figure 2.1. 
Several advantages of the Syndion C system for fabricating HAR TSV profiles are: (1) A 
wafer-sized showerhead is placed below the TCP window to provide uniform gas distribution 
onto the wafer. (2) Fast switches of less than 10 ms lag are used to control the gas flow rate 
and duration time. The minimum during time for a single step is 100 ms. (3) Most etching 
parameters on the Syndion C control panel, such as chamber pressure, gas flow rate, and bias 
voltage, can be individually ramped for a Bosch or non-Bosch etching process. (4) Multiple 
materials, including dielectrics, conducting films and silicon, can be etched in this tool in-situ. 
Therefore, capital cost and cycle time for TSV etch can be reduced by avoiding the need for 
multiple etch systems. 
 
Figure 2.1 Schematic diagram of the LAM Syndion C system. 
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The RF system on the Syndion C consists of two RF generators and two matching 
systems. The top generator supplies up to 3000 watts (W) TCP power at a frequency of 13.56 
MHz and the bottom generator provides up to 1500 watts (W) to the lower electrode (bias) at 
a frequency of 400 kHz. This RF configuration enables independent control of plasma density 
and direction. The temperature of the electrostatic chuck (ESC) is controllable in the range of 
−10 ~ 30 ˚C by circulating cooling fluid through the electrode. The minimum bias voltage 
can be applied to a wafer in the Bosch process is 60 volts (V). All etch parameters listed 
above are controlled by a software interface. 
Industrial standard 300 mm silicon wafers are used throughout this study. A ~ 2 μm 
hardmask consisting of SiO2 and Si3N4 are first deposited on the silicon wafer to be etched, 
and a ~ 4.5 μm photoresist (PR) reticle is patterned on top of the hardmask. The hardmask is 
opened with a SF6 and C4F8 plasma before etching TSVs, which guarantees a continuous 
chemistry throughout the etching process. The dimensions and process flow is shown in 
Figure 2.2. 
 
 
Figure 2.2 Schematic diagram of the process flow used for 8 μm CD TSV etching. 
 
After the TSV profiles are produced, the wafers are cross-sectioned and analyzed 
using the high-resolution scanning electron microscopy (SEM). The ER, selectivity to 
photoresist, and size of sidewall roughness can be calculated by measuring the dimensions of 
etched features using the image analysis software ImagingFactory. ImagingFactory is an 
in-house program which uses image pixels to identify the feature dimensions. The accuracy of 
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the measurement depends on the size of the SEM pictures. In this study, the error of the 
measurement for a SEM picture over 1 megabyte (MB) is less than 1% of the SEM scale.   
 
2.2 Mass Spectrometer 
2.2.1 Introduction 
  A mass spectrometer (Hiden Analytical Ltd, UK) is used in this study to investigate 
the plasma species at different experimental conditions. The mass spectrometer is essentially 
an Electrostatic Quadrupole Plasma (EQP) analyzer, which consists of a high-transmission 45° 
sector field ion energy analyzer and a quadrupole mass spectrometer. The EQP analyzer is 
capable of recording the energy and mass-to-charge ratio distributions of positive ions, 
negative ions, and neutral species from a plasma using different settings of the system.  
  
 
Figure 2.3 Schematic diagram of the EQP probe used in this study (figure is taken from the user 
manual of the mass spectrometer). 
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  The EQP probe of the mass spectrometer used in this study can be divided into five 
parts: EQP extractor, ionization source, sector, quadrupole mass filter and detector, as shown 
in Figure 2.3. Here is a brief description on each of these parts:  
  The ion extraction is done by an EQP extractor and a lens by appropriately setting the 
voltages applied on these electrodes. The extractor can be set positively or negatively charged 
in order to expel charged particles from bulk plasma during neutral species detection. The 
front plate of the extraction is in contact with the plasma and is always grounded in this study. 
The ions are collected through a ~50 µm orifice located at the end the front plate.  
   The ionization source is the part after the extraction sector. By varying the voltage of 
the ionization source, neutral species from the bulk plasma can be ionized through electron 
impact ionization. The voltage setting of the ionization source is 0~70 V. When the mass 
spectrometer is running in RGA mode, the maximum voltage (70 eV) is applied on the source 
by default.  
  The sector section consists of an axis, a quadrupole lens, and an energy filter. Axis and 
energy filter operate at a set ratio to one another and the electrodes associated with the axis 
and energy filter are set to guide the ions to the detector. The quadrupole lens in this section 
are tuned and calibrated using a SF6 plasma to maximize the intensity, which is important for 
minimizing background noise. 
  The quadrupole mass filter is key part for ion detection. The mass filter section in this 
part incorporates a quadrupole made of 6mm diameter electrodes. The mass range is 0~510 
amu. A suppressor and another focus lens are located at the end of the mass filter, 
respectively. Both the suppressor and this focus lens operate at approximately −250 V for 
positive ion analysis. The optimum energy at which the ions pass down the mass filter (transit 
energy) is usually set to 3 eV. 
  The main component of the detector of the system is a Faraday cup, which is 
integrated with a multiplier to record ion spectra. The electrode settings of the detector are 
associated with the Secondary Electron Multiplier (SEM). The detector is a SEM 
pulse-counting device and is tuned to operate on the plateau region for all operation modes 
24 
 
(the plateau is defined as the portion where the count rate is substantially independent of the 
voltage applied to the SEM). 
  In this study, the calibration is performed in a SF6 plasma. SF5
+ and F−  ions are used 
to optimizes the ion extraction optics and sector energy filter for positive ions and negative 
ions, respectively. For Residual Gas Analysis (RGA) modes, positive argon ions and negative 
oxygen ions are used to calibrate the mass spectrometer. The purposes of different operation 
modes used in this study and their applications are explained in the following section. 
 
2.2.2 Analysis modes of mass spectrometer operation 
  The EQP analyzer is designed as a diagnostic tool for energy or mass-to-charge ratio 
distributions of ions and neutral species. There are two analysis categories of EQP operations 
performed in this study: the RGA analysis and the Secondary Ion Mass Spectrometer (SIMS) 
analysis. The main difference between RGA and SIMS modes is the source of the ions. For 
RGA operation, ions are generated inside the mass spectrometer system by an ionization 
source, whereas for SIMS operation, ions originate from the plasma outside the mass 
spectrometer. A more detailed explanation is provided in the following sections for both RGA 
and SIMS analysis. Mass spectra, energy spectra and appearance potential profiles are 
acquired to analyze positive ions, negative ions, and neutral radicals.   
2.2.2.1 RGA analysis 
  Analysis of neutral species is achieved by the use of a dual-filament, adjustable 
electron-impact ion source. Neutral species are subject to bombardment by electrons 
generated from filaments and accelerated to an energy established by the selected 
electron-energy value. 
  At relative high electron energies, positive and negative ions can both be generated by 
dissociative ionization/attachment, which brings difficulty to neutral species identification. In 
order to appropriately investigate neutral species originated from a plasma, an “appearance 
potential method” is used in this study. The appearance potential method is essentially a series 
of spectra taken at relatively low electron energies, when the formation of positive and 
negative ions is from direct electron ionization (single electron release) and attachment 
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(single electron capture). In this study, the potential applied to the ion source starts from 0 V 
with interval of 5 V for the appearance spectra. 
  It is noticeable that in order to perform a complete analysis on neutral species, the 
appearance spectra obtained from a Positive and a Negative RGA mode are both required in 
this study. The difference between these two RGA modes is the polarity of the voltages 
applied on the internal ionization source, which allows the acquisition of positive and 
negative RGA spectra. An example of data acquisition sequence using the positive RGA 
mode is shown as Figure 2.4. In this example, three mass spectra with different ionization 
energies are acquired: initial ionization energy is defined in the Global: RGA tab, and two Set: 
tabs are used to define two different ionization energies. The number of scans can be set in 
the Repeated tab, which is set to be 3 for all sequences in this study.   
 
 
Figure 2.4 Data acquisition sequence for appearance potential method 
 
2.2.2.2 SIMS analysis 
  SIMS operation mode is used in this study to sample the ions originated from the 
plasma entering through the orifice. Since neutral species in the plasma will also arrive at the 
extractor and diffuse into the ion source, the dual-filament ion source is switched off for the 
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SIMS operation in order to exclude electron-impact ionization of neutral species. Therefore, 
the extractor is a field-free drift space for the ions in the SIMS operation. 
  SIMS operation also has two different modes: Positive SIMS mode and Negative 
SIMS mode. The polarity and values of ion transport variables are set differently for these 
two modes to transmit positive or negative ions from the extractor to the detector. 
  It is important to understand the difference of the acquisition of negative ions in SIMS 
modes using the EQP system. It is extremely difﬁcult to extract negative ions through a 
negatively biased electrode (RF or DC cathode) due to the potential barrier between the bulk 
plasma and the electrode. In case of RF plasmas, only negative ions with very high energies 
can travel to the sampling orifice due to the responsiveness of particles under the RF 
influence, but no realistic processes can produce ions with sufficient energy to be detected in 
normal experimental conditions. Mass spectrometer systems either apply a positive bias to the 
extraction orifice, or use a pulsed plasma to collect negative ion signals in the afterglow phase 
[37]. For the mass spectrometer system in this study, the orifice is grounded all the time, and 
the sheath formed in front of the orifice could decelerate negative ions resulting in ions with 
low energy. Therefore, the energy graphs are taken with respect to ground and the maximum 
of the energy spectra are corresponding to the plasma potential, and the maximum peak of the 
energy spectra of the negative ions is expected to be lower than the observed for positive ions, 
due to the small sheath in front of the EQP that could accelerate positive ions and decelerate 
negative ions.  
  The pressure of the discharge is a significant parameter in acquisition of negative ions. 
At a lower pressure, the cathode sheath will be larger and it will be easier to monitor the 
negative ions than working at high pressure. An example of data acquisition sequence using 
positive SIMS mode is shown as Figure 2.5. In this example, energy spectra for seven 
different positive ions are recorded, followed by a mass spectrum acquisition.  
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Figure 2.5 Data acquisition sequence for positive SIMS operation 
 
2.2.3 Method of data analysis for mass spectra  
   A typical energy spectrum of the SF3
+ ions obtained from a SF6 plasma is shown in 
Figure 2.6. The plasma operates at a TCP power of 1500 W and a pressure of 40 mTorr with a 
gas flow rate of 250 sccm. It can be seen that the raw data (the black curve shown in Figure 
2.6) taken by the mass spectrometer is modulated by the frequency of power source. Each 
peak of the energy spectrum is fitted by a Gaussian function. Total ion flux is estimated by 
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integrating the area below all energy peaks. The resolution of energy spectra taken by this 
mass spectrometer system is 0.05 eV. 
 
Figure 2.6 Analysis for data acquired using SIMS operation model. 
 
  The appearance potential method is used to analyze neutral species, as mentioned 
previously. An example for neutral species analysis in a SF6 plasma is shown in Figure 2.6. 
The electron source potential is set to 10 V, 15 V and 20 V in a sequence in the positive RGA 
mode to identify neutral species which are ionized to form positive ions such as SF3, and the 
potential is set to 0 V and 5 V in the same manner for the negative RGA mode to identify 
neutral species ionized to negative ions such as F. The intensity difference between the 
highest and the lowest source potential indicates a spectra for neutral species at all masses, 
and two separate neutral spectra can be obtained for both positive and negative RGA spectra. 
A combination of these two spectra forms a complete spectrum for the neutral species.  
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Figure 2.7 Analysis for data acquired using RGA operation mode. (a) Appearance potential data 
taken at 10 V, 15 V and 20 V using positive RGA mode. (b) Appearance potential data taken at 0 
V and 5 V using negative RGA mode. (c) A complete spectrum of neutral species deduced from 
two RGA spectra. 
 
(a) Positive Ions 
(b) Negative Ions 
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Figure 2.7 (cont.) Analysis for data acquired using RGA operation mode. (a) Appearance 
potential data taken at 10 V, 15 V and 20 V using positive RGA mode. (b) Appearance potential 
data taken at 0 V and 5 V using negative RGA mode. (c) A complete spectrum of neutral species 
deduced from two RGA spectra. 
 
  
(c) Neutrals 
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Chapter 3 Study of Plasma Chemistries in TSV Etching 
3.1 Plasma Chemistry in SF6 Plasmas 
3.1.1 Reactions in a SF6 plasma 
  SF6 plasmas and its mixtures with other gases have been widely used for silicon deep 
etching due to the abundance of fluorine atoms. In a plasma etching chamber, a wide variety 
of positive ions, negative ions and neutral species can be generated by ionization or 
dissociative processes. The following species are normally expected in a SF6 discharge: 
positive ions including SF5
+ , SF4
+ , SF3
+ , SF2
+ , SF+ , S+ , F2
+  and F+ , negative ions 
including SF6
−, SF5
−, SF4
− , SF3
−, SF2
−, F2
−  and F− , neutral radicals including SF5, SF4 , 
SF3 , SF2 , SF, S, F2  and F, and electrons. The complete reactions of electron impact 
collisions in a SF6 plasma is summarized in Table 3.1, and the reactions of ion-neutral, ion-ion 
and neutral-neutral species are listed in Table 3.2.  
 
Table 3.1 Electron impact collisions included in a SF6 plasma 
Reaction 
Threshold 
Energy (eV) 
Rate Coefficient (cm
3
s
-1
) Reference 
e + SF6  e + SF6 0 2.8×10
−7
exp(−1.5/Te) [38] 
e + SF6  e + SF6 (vib) 0.09 7.9×10
−8
exp(−0.1Te+0.002Te
2
) [38] 
e + SF6  2e + SF5
+
 + F 15.7 1.2×10
−7
exp(−18.1/Te) [39] 
e + SF6  2e + SF4
+
 + 2F 18.0 8.4×10
−9
exp(−19.9/Te) [39] 
e + SF6  2e + SF3
+
 + 3F 19.0 3.2×10
−8
exp(−20.7/Te) [39] 
e + SF6  2e + SF2
+
 + 2F + F2 26.0 7.6×10
−9
exp(−24.4/Te) [39] 
e + SF6  2e + SF
+
 + 3F + F2 31.0 1.2×10
−8
exp(−26.0/Te) [39] 
e + SF6  2e + S
+
 + 4F + F2 37.0 1.4×10
−8
exp(−39.9/Te) [39] 
e + SF6  2e + F
+
 + SF4 + F 35.8 1.2×10
−8
exp(−31.7/Te) [39] 
e + SF6  e + SF5 + F 9.6 1.5×10
−7
exp(−8.1/Te) [40] 
e + SF6  e + SF4 + 2F 12.1 9×10
−9
exp(−13.4/Te) [40] 
e + SF6  e + SF3 + 3F 16.0 2.5×10
−8
exp(−33.5/Te) [40] 
e + SF6  SF6
−
 0 2.4×10
−10
/Te
1.49
 [38] 
e + SF6  SF5
−
+ F 0 2.0×10
−11
/Te
1.46
 [38] 
e + SF6  SF4
−
+ 2F 2.8 3.9×10
−12
exp(0.45Te−0.04Te
2
) [38] 
e + SF6  SF3
−
+ 3F 8.0 1.2×10
−13
exp(0.70Te−0.05Te
2
) [38] 
e + SF6  SF2
−
+ 4F 10.25 5.4×10
−15
exp(0.77Te−0.05Te
2
) [38] 
e + SF6  F
−
+ SF4 + F 2.0 3.4×10
−11
exp(0.46Te−0.04Te
2
) [38] 
e + SF6  F2
−
+ SF4 0 2.2×10
−13
exp(0.71Te−0.05Te
2
) [38] 
e + SF5  e + SF4 + F 10 1.5×10
−7
exp(−9.0/Te) [41] 
e + SF5  2e + SF5
+
 11.7 1.0×10
−7
exp(−17.8/Te) [42] 
e + SF5  2e + SF4
+
 + F 11.7 9.4×10
−8
exp(−22.8/Te) [42] 
e + SF4  e + SF3 + F 10 6.2×10
−8
exp(−9.0/Te) [41] 
e + SF4  2e + SF4
+
 12.82  [42] 
e + SF3  e + SF2 + F 10 8.6×10
−8
exp(−9.0/Te) [41] 
e + SF3  2e + SF3
+
 10.28 1.0×10
−7
exp(−18.9/Te) [42] 
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Table 3.1 (cont.) Electron impact collisions included in a SF6 plasma 
e + SF2  e + SF + F 10 4.5×10
−8
exp(−9.0/Te) [41] 
e + SF2  2e + SF2
+
 10.28  [42] 
e + SF  e + S + F 10 6.2×10−8exp(−9.0/Te) [41] 
e + SF  2e + SF+ 10.82  [42] 
e + S  2e + S+ 13.62 1.6×10−7exp(−13.3/Te) [42] 
e + F  e + F 0 1.1×10−7exp(−1.93/Te) [43] 
e + F  e + F* 14.4 9.2×10−9exp(−14.3/Te) [43] 
e + F  2e + F+ 15 1.3×10−8exp(−16.5/Te) [43] 
e + F2  e + F2 0 2.5×10
−7
exp(−0.48/Te) [43] 
e + F2  e + F2 (vib) 0.11 1.8×10
−10 
Te
1.72
exp(−1.55/Te) [43] 
 
Table 3.2 Ion-neutral, ion-ion and neutral-neutral reactions in a SF6 plasma [40,44,45] 
Reaction Rate Coefficient (cm
3
s
-1
) 
X
−
 + M  X + M + e  
 X = SF6, SF5, SF4, SF3, SF2, F, F2 5.27×10
-14
 
 M = SF6, SF5, SF4, SF3, SF2, SF, S, F, F2   
  
X
−
 + Y
+
  X + Y  
 X = SF6, SF5, SF4, SF3, SF2, F, F2 5×10
-8
 
 Y = SF5, SF4, SF3, SF2, SF, F, F2   
  
SF5
+
 + SF6  SF3
+
+ SF6 + F2 6×10
-12
 
S + F  SF 2×10-16 
SF + F  SF2 2.9×10
-14
 
SF2 + F  SF3 2.6×10
-12
 
SF3 + F  SF4 1.6×10
-11
 
SF4 + F  SF5 1.7×10
-11
 
SF5 + F  SF6 1.0×10
-11
 
SF + SF  S + SF2 2.5×10
-11
 
SF3 + SF3  SF2 + SF4 2.5×10
-11
 
SF5 + SF5  SF4 + SF6 2.5×10
-11
 
 
  The majority of rate coefficient data for electron-impact dissociations is obtained from 
Christophorou and Olthoff [38]. Kokkoris el al. [40] have proposed a general form of a rate 
coefficient for a gas phase reaction based on the data of Christophorou and Olthoff, which can 
be expressed by 
 𝑘𝐺 = 𝑒𝑥𝑝 (𝐴 + 𝐵𝑙𝑛𝑇𝑒 +
𝐶
𝑇𝑒
+
𝐷
𝑇𝑒
2 +
𝐸
𝑇𝑒
3) (3.1) 
where 𝑇𝑒 is the electron temperature in eV, A, B, C, D, and E are the fitting parameters. The 
threshold energy for each reaction is considered for power balance purposes in the plasma. 
One important conclusion can be drawn from Table 3.1 is that the electron impact dissociation 
of SF6 into neutral fragments can be classified into two paths: it can be dissociated through 
single steps into SF4, SF3, etc., and it also dissociate through a multi-step process, i.e. into SF5, 
which further dissociates in to smaller neutral fragments. However, Riccardi et al. [46] 
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compared both multi-step and single-step dissociation of SF6 and concluded that SFx (x ≤ 4) 
radicals were two orders of magnitude higher for multi-step dissociation. The rate coefficients 
of the major reactions in SF6 plasma is plotted in Figure 3.1 and Figure 3.2, when the electron 
temperature is varied from 1 eV to 10 eV. For the TCP power capacity of the Syndion C 
etcher used in this study, Te is expected to be in the range of 1 ~ 5 eV for a SF6 plasma, and 
the major positive ion generation, negative ion generation and neutral generation reactions 
formed from electron-impact dissociation of SF6 molecules in this Te range are 
 
𝑆𝐹6 + 𝑒 → 𝑆𝐹5 + 𝐹 + 𝑒 
(3.2) 𝑆𝐹6 + 𝑒 → 𝑆𝐹5
+ + 𝐹 + 2𝑒 
𝑆𝐹6 + 𝑒 → 𝐹
− + 𝑆𝐹4 + 𝐹 
The major products from equation (3.2) are found to be F, SF5, and SF4 neutrals, SF5
+ ions, 
and F− ions. Therefore, the following equations are the most important consuming reactions 
for these species 
 
𝑆𝐹5 + 𝑒 → 𝑆𝐹4 + 𝐹 + 𝑒 
(3.3) 𝑆𝐹4 + 𝑒 → 𝑆𝐹3 + 𝐹 + 𝑒 
𝑆𝐹5
+ + 𝑆𝐹6 → 𝑆𝐹3
+ + 𝑆𝐹6 + 𝐹2 
and neutralization reaction 
 𝑆𝐹5
+ + 𝐹− → 𝑆𝐹5 + 𝐹 (3.4) 
Equations (3.3) and (3.4) imply that SF3 neutrals and SF3
+ ions are major products from a 
multi-step SF6 dissociation. It is concluded by the cross section measurements by Tarnovsky 
et al. [47] that the dissociative ionization is significant for SF5, but not for SF3. This indicates 
that the number densities of SF3 neutrals and SF3
+ ions may be more significant than the SF5 
neutrals and SF5
+ ions. 
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Figure 3.1 Rate coefficients of the major reactions of the SF6 ions and molecules in a SF6 plasma. 
X and Y are species defined in Table 3.2. 
 
Figure 3.2 Rate coefficients of the major reactions of the SFx (x < 6) ions and molecules in a SF6 
plasma. X and Y are species defined in Table 3.2. 
 
35 
 
3.1.2 Experimental results of species detected in a SF6 plasma 
  Experimental studies have been focused on the paths and reaction products of the 
electron impact dissociation and neutral dissociation of SFx (x ≤ 6) radicals in this study. 
Positive ions, negative ions, and neutral species are identified at various experimental 
conditions, using the spectra analysis method described in Chapter 2.2.3. 
   The relative intensity of all the species taken into account in a SF6 plasma is depicted 
in Figure 3.3. This set of data is taken for a SF6 plasma operating at a TCP power of 1500 W 
and a pressure of 60 mTorr. It is clear from Figure 3.3 that SF3
+ is the most dominant positive 
ions in the SF6 plasma, followed by SF2
+. This result disagrees with the simulation data 
reported in [40] and the experimental data reported in [48], in which cases SF5
+ is found to be 
the most dominant positive ion. This indicates that the dissociation of SF6 through single step 
into SF3 may have larger rate coefficient than that in Table 3.1. Another possible reason is that 
the reaction balance of SF5
+ consumption is enhanced by some chemical mechanisms so that 
the rate coefficient for dissociation ionization reaction 
 𝑆𝐹5
+ + 𝑆𝐹6 → 𝑆𝐹3
+ + 𝑆𝐹6 + 𝐹2 (3.5) 
becomes more dominant than it is estimated in Table 3.2. This will be further explained in the 
following paragraphs together with the behavior of ion energy distributions (IEDs). On the 
other hand, the F−  ions are the most important negative ions observed in Figure 3.3 (b), 
followed by SF5
−  and SF6
− . Since the intensity of other ions is at least two orders of 
magnitude smaller than SF3
+ and F− , the quasi-neutrality of the plasma should give  
 𝑛(𝑆𝐹3
+) − 𝑛(𝑙𝑜𝑠𝑠 𝑡𝑜 𝑤𝑎𝑙𝑙) ≈ 𝑛(𝐹−) + 𝑛𝑒 (3.6) 
where 𝑛𝑒 is the electron density. A simple calculation using the data in Figure 3.3 shows that 
the electron density is in the range of 5 ~ 10 times of F− ion density. This means the SF6 
plasma generated at this condition is slightly electronegative. These observations are in good 
agreements with the major reactions found by in Figure 3.1 and Figure 3.2, shown in 
equations (3.2) ~ (3.4). 
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Figure 3.3 (a) Positive ions, (b) negative ions and (c) neutral species of a SF6 plasma operated at 
1500 W, 60 mTorr. 
(a) Positive Ions 
(b) Negative Ions 
(c) Neutrals 
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  It is shown in Figure 3.3(c) that SF3 and F are most dominant neutral species in this 
case. This is surprising because even the intensity of SF6 peak is much smaller than the 
intensity of SF3. This is due to the fact that the neutral species cannot be directly detected by 
the mass spectrometer and an indirect appearance potential method for detecting neutral 
appearance is performed at discrete electron energies. For example, in order to obtain the 
neutral species SF3, the appearance potential method compares the intensity of its 
corresponding single-ionized ions, SF3
+ and SF3
−, using the positive RGA detection mode at 
an electron energy of 5 eV, 10 eV, 15 eV and 20 eV for SF3
+ ions, and the negative RGA 
detection mode at 0 eV and 5 eV for SF3
− ions. The cracking patterns of a SF6 plasma at an 
electron energy of 10 eV of positive RGA mode (spectrum at 5 eV does not show any visible 
peaks) and 0 eV of negative RGA mode are shown in Figure 3.4. It can be seen that from 5 eV 
to 10 eV, only the SF3
+ ions appear in the spectrum. This is a strong indication for the direct 
dissociation path of SF6  SF3
+. This observation is consistent with the fact that the SF3
+ 
ions are the dominant positive ions in the SF6 plasma in this study. The Cl peak in Figure 
3.3(c) may result from the chamber wall desorption during clean process after etching.    
 
Figure 3.4 The cracking patterns of SF6 at an electron energy of 10 eV obtained by the positive 
RGA mode and an electron energy of 0 eV obtained by the negative RGA mode. 
 
  Two phenomena are noticed for the ion energy distributions (IEDs) of the SF3
+ and 
F−  peaks shown in Figure 3.3 (a) and (b). The first phenomenon is that there are three 
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distinct energy peaks visible for SF3
+: a low-energy peak (0 < E < 0.5 eV), a medium-energy 
peak (0.5 < E < 4 eV), and a high-energy peak (4 < E < 7 eV). However, such multiple-peak 
energy spectrum is not observed for any other positive ion species. For negative ions, on the 
other hand, a low energy peak (0 < E < 5eV) and a high energy peak (6 < E < 10 eV) are 
observed for F−  and all other negative ions. The second phenomenon can be seen from 
comparison of energies of positive and negative ions is that the peak energy of the same type 
of negative ion is slightly larger than those of positive ions. It is important to point out that the 
ion energies are measured with reference to the ground in the plasma chemistry study. 
Therefore, it is nearly impossible for any realistic process in the bulk plasma to provide 
negative ions with sufficient energies to overcome the potential barrier built up in the plasma 
sheath. Therefore, other ion generation mechanisms are needed in order to explain these 
phenomena. 
  There are several possible explanations for the multiple-peak behavior of the SF3
+  
IEDs and for the mechanisms of the acquisition of negative ions. A near-surface formation 
mechanism reported in [49] for negative oxygen ions O−  and O2
− states that part of the 
positive ions can be generated by the collisions in the plasma sheath when they are 
accelerated by the sheath potential. Therefore, different energies of SF3
+ ion groups can be 
generated by reactions, such as:  
 𝑆𝐹3
+(ℎ𝑖𝑔ℎ 𝐸) + 𝐹2 → 𝑆𝐹3
+(𝑙𝑜𝑤 𝐸) + 𝐹+ + 𝐹− (3.7) 
However, this explanation can be ruled out from the study for two major reasons: First of all, 
the operation pressure used in the plasma chemistry study is in the range of 40 mTorr ~ 80 
mTorr. The mean free path of any particle in the plasma can be estimated by [50] 
  
𝑀𝑒𝑎𝑛 𝐹𝑟𝑒𝑒 𝑃𝑎𝑡ℎ ≈
6
𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 (𝑚𝑇𝑜𝑟𝑟)
 (𝑐𝑚) 
(3.8) 
which is in the range of 0.6 ~ 1.3 mm. However, the size of the sheath can be calculated by 
[50] 
 𝑠 = (4 ~ 10)𝜆𝐷𝑒 ≈ (4~10) × 743√
𝑇𝑒 (𝑒𝑉)
𝑛𝑒 (𝑐𝑚−3)
 (𝑐𝑚) (3.9) 
 where 𝜆𝐷𝑒  is the Debye length, 𝑇𝑒  and 𝑛𝑒  are the electron temperature and electron 
density, respectively. For a typical processing SF6 plasma used in this study, 𝑇𝑒 = 1 ~ 5 eV 
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and 𝑛𝑒 = 10
10
 ~ 10
12
 cm
-3
, and the resulting sheath size is in the range of 0.03 ~ 1.4 mm. It 
can be seen that the mean free path is comparable to the size of the sheath at 80 mTorr, and 
much larger than the size of the sheath at 40 mTorr. In either case, the near-surface ion 
generation realized by three-body collisions in the sheath cannot be a major mechanism for 
the IEDs of the SF6 plasma. Second of all, the energy spectra are acquired when the orifice of 
the detector is grounded. As a result, reactions induced by sheath acceleration, such as 
equation (3.7), are not significant since no bias voltage is applied to accelerate the ions. 
   Another possible reason for the multiple-peak behavior of the IEDs is that the ions are 
generated through different reaction paths. For example, the energies of SF3
+ ions generated 
by the direct electron-impact dissociation of SF6 and by multi-step dissociative ionization 
from SF6 are different due to different energy released by these reactions. It can be seen in 
Table 3.1 that the threshold energy for reaction  
 𝑆𝐹6 + 𝑒 → 𝑆𝐹3
+ + 3𝐹 (3.10) 
is 19.0 eV, and the threshold energy for reaction set 
 
𝑆𝐹6 + 𝑒 → 𝑆𝐹4,5
+ + 𝐹 
(3.11) 
𝑆𝐹4,5
+ + 𝑆𝐹6 → 𝑆𝐹3
+ + 𝑆𝐹6 + 𝐹1,2 
is 18.0 eV through generation of SF4
+ and 15.7 eV through generation of SF5
+. It is obvious 
that the energies released from these two paths of dissociations will be different if same 
electron energy is assumed in both reactions. Consequently, the energies transferred to the 
SF3
+ ions are different. One can expect that the energy of SF3
+ ions formed by equation (3.10) 
is smaller than by equation set (3.11) with the same electron energy. The difference of the 
threshold energies of these reactions should give the estimate energy bands of the reaction 
product SF3
+ ions, which are E by reaction (3.10), E + 1 eV by reaction (3.11) through 
generation of SF4
+ and E + 3.3 eV by reaction (3.11) through generation of SF5
+, respectively. 
This agrees with the energy spectrum shown in Figure 3.3 (a), with the high-energy peak 
corresponding to E + 3.3 eV. It can be seen that the medium-energy peak of Figure 3.3 (a) is 
actually integrated by two energy bands corresponding to E and E + 1 eV. The low-energy 
peak is probably caused by thermalization effect.   
   The acquisition of the negative ions in this study may relate to the detection technique 
and the electronegative nature of SF6 plasmas. It is known for an electronegative plasma, the 
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plasma potential is close to 0 or can even be negative. In this study, the detection orifice of the 
mass spectrometer is inserted at the edge of the chamber wall and is grounded to the chamber 
wall. As a result, the effect of the plasma sheath is negligible near the orifice, thus no voltage 
barrier is built by the plasma sheath between the bulk plasma and the chamber wall. If the 
plasma potential is negative, the electric field built between the chamber wall and the bulk 
plasma will accelerate the negative ions to the detector of the mass spectrometer, leading to 
larger ion energy of the negative ions than that of the positive ions. Since typical etching 
processes apply negative bias voltages on the substrates, negative ions will be repelled by the 
electric field built in the plasma sheath and have little impact on the etching chemistry and 
kinetics. Therefore, only the effects of positive ions and neutral species will be discussed 
further in this Chapter.  
  Figure 3.5 compares the IEDs of the dominant SF3
+ ions at different pressure and TCP 
power in SF6 plasmas. Considering the fact that fraction of the SF3
+ produced by the direct 
dissociation from SF6 is predominant, the low-energy peaks (0 < E < 4 eV) shown in Figure 
3.5 with the largest signal counts represents the IEDs of the SF3
+ generated by dissociation 
reaction (3.10). The intensity of the low-energy peak increases as pressure and TCP power 
indicates that the electron-impact dissociation reaction (3.10) is the dominant SF3
+  ion 
generation process. The two high-energy peaks on the IEDs represent SF3
+ ions created by 
multi-step dissociation processes, such as reaction (3.11). The high-energy SF3
+  peaks 
disappear at a high pressure (80 mTorr) and increase the overall intensity of the low-energy 
peak due to thermalization effect caused by collision in the plasma. It is also clear from 
Figure 3.5 that at a low TCP power (1000 W), all SF3
+ energy peaks formed by different 
dissociation paths are significantly decreased. This is due to the electron-impact dissociation 
is reduced at a decreased TCP power in the plasma. 
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Figure 3.5 Comparison of 𝐒𝐅𝟑
+ IEDs in SF6 plasmas operated at different conditions. 
 
   
  Total fluxes of positive ions in a SF6 plasma operated at different pressure and TCP 
power are compared in Figure 3.6 and Figure 3.7, respectively. It can be seen that as pressure 
increases, the intensity of positive ions decreases except for the SF3
+ ions. This is again an 
indication for different dissociations paths of the SF3
+ ions. It is possible that the generation 
of SF3
+  ions through indirect dissociation reactions (3.11) is enhanced at an increased 
pressure due to the increase of SF6. The intensity of the all ion fluxes simply increases with 
TCP power, mainly because of higher ion generation rates by the electron-impact ionization 
processes at a higher TCP power.  
 
Figure 3.6 Positive ion flux in a SF6 plasma as a function of pressure. 
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Figure 3.7 Positive ion flux in a SF6 plasma as a function of TCP power. 
 
  The signals of neutral species in SF6 plasmas at different pressure and TCP power are 
compared in Figure 3.8. It can be seen that the intensity of all neutral peaks generally 
increases with pressure and TCP power except for SF3, which has the highest count at a 
pressure of 60 mTorr and a lowest count at a pressure of 80 mTorr. This is an interesting 
observation because the trend of the SF3 neutral molecules is exactly the opposite of that of 
the SF3
+ ions with respect to pressure. This indicates that SF3 molecules are consumed in the 
SF3 → SF3
+  generation instead of electron-impact ionization processes. Therefore, one 
possible type of reactions to realize SF3 → SF3
+ ionization is: 
 𝑆𝐹𝑥
+ + 𝑆𝐹3 → 𝑆𝐹3
+ + 𝑆𝐹𝑦 + (𝑥 − 𝑦)𝐹   𝑥 ≥ 2, 𝑥 > 𝑦 (3.12) 
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Figure 3.8 Neutral flux in a SF6 plasma as a function of (a) pressure and (b) TCP power.  
 
  It is important to point out that the electron temperature Te and electron density ne are 
functions of the pressure and TCP power, which may also affect the behavior of the intensities 
of the ion and neutral fluxes. Picard et al. [51] has investigated the dependence of Te and ne in 
a SF6 plasma operated at a pressure ranging from 20 to 200 mTorr. Results show that in the 
pressure of 40 ~ 80 mTorr, the electron temperature slightly increases with pressure and the 
electron density slightly decreases with pressure, but both Te and ne are not sensitive to 
pressure until it is larger than 100 mTorr. However, it is also shown in their study that the 
values of Te and ne strongly depend on the RF power. At a higher RF power, ne is found to be 
significantly increased, resulting in much stronger electron-impact dissociations. This 
(b)  
(a)  
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mechanism may contribute to the fact that all ion and neutral peaks are significantly 
decreased when the TCP power is reduced from 1500 W to 1000 W.  
 
3.2 Plasma Chemistry in C4F8 Plasmas 
3.2.1 Reactions in a C4F8 plasma 
  C4F8 has been commonly used for plasma etching as a deposition gas to increase 
etching selectivity of silicon oxide or silicon nitride to silicon. For silicon deep etching 
purposes, C4F8 plasma is mainly functioned as a passivation gas which is easily dissociated by 
processes such as electron-impact ionization. It is clear that in an ICP chamber, a wide variety 
of positive ions, negative ions and neutral species can be generated in a C4F8 plasma and can 
be classified by the following categories: F𝑥  species, such as F, F
+ , F− , F2 , and F2
+; 
CFx  species, such as CF, CF
+ , CF2 , CF2
+ , CF3 , CF3
+ , CF3
− , and CF4 ; CxFy species, 
such as C2F3
+ , C2F4 , C2F4
+ , C2F5 , C2F5
+ , C3F5 , C3F5
+ , C3F6 , C3F6
+ , C4F7 , C4F7
+ , 
C4F8 , C4F8
+  and C4F8
− . Computational investigations have been performed by many 
research groups to study the reaction chemistry in a C4F8 plasma. Font and co-workers [52] 
has employed a two-dimensional model to calculate the cross sections for electron and CxFy 
molecule collisions. Vasenkov and co-workers [24] employed a two-dimensional Hybrid 
Plasma Equipment Model (HPEM) and calculated the rate coefficients for a more complete 
reaction list in a C4F8 plasma based on cross sections from [52]. The electron collisions 
reaction in a C4F8 plasma is summarized in Table 3.3.  
 
Table 3.3 Electron impact collisions included in a C4F8 plasma [52] 
Reaction Rate coefficient (cm
3
s
-1
) Reference 
Collisions with Fx   
e + F  F + e a [53] 
e + F  F(ex) + e a [53] 
e + F  F+ + e + e a [53] 
e + F2  F2 + e a [54] 
e + F2  F2(vib) + e a [54] 
e + F2  F2(ex) + e a [54] 
e + F2  F2 + e a [54] 
e + F2  F
–
 + F a [54] 
e + F2  F2
+
 + e + e a [54] 
Collisions with CFx    
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Table 3.3 (cont.) Electron impact collisions included in a C4F8 plasma [52] 
e + CF  CF + e a [55] 
e + CF  CF(vib) + e a [55] 
e + CF  C + F + e a [55] 
e + CF  CF+ + e + e a [56] 
e + CF2  CF2 + e a [57] 
e + CF2  CF2(vib) + e a [57] 
e + CF2  CF + F
–
 a [57] 
e + CF2  CF + F + e a [57] 
e + CF2  CF2
+
 + e + e a [58] 
e + CF2  CF
+
 + F + e + e a [58] 
e + CF3  CF3 + e a [57] 
e + CF3  CF3(vib) + e a [57] 
e + CF3  CF2 + F + e a [57] 
e + CF3  CF3
+
 + e + e a [58] 
e + CF3  CF2
+
 + F + e + e a [58] 
e + CF3  CF2 + F
–
 a [57] 
e + CF4  CF4 + e a [57] 
e + CF4  CF4(vib) + e a [57] 
e + CF4  CF3 + F
–
 a [57] 
e + CF4  CF3
–
 + F a [57] 
e + CF4  CF3 + F + e a [57] 
e + CF4  CF3
+
 + F + e + e a [57] 
e + CF4  CF2 + F + F + e a [57] 
e + CF4  CF3
+
 + F
–
 + e a [57] 
e + CF4  CF + F + F2 + e a [57] 
Collisions with CxFy    
e + C2F3  CF + CF2 + e 1×10
–8
Te
0.91
exp(–5.0/Te) [59] 
e + C2F4  C2F4 + e a [60,61] 
e + C2F4  C2F4(vib) + e a [60,61] 
e + C2F4  CF2 + CF2 + e a [60,61] 
e + C2F4  C2F4
+
 + e + e a [60,61] 
e + C2F4  C2F3
+
 + F + e a [60,61] 
e + C2F4  CF
+
 + CF3 + e + e a [60,61] 
e + C2F5  C2F5 + e a [62] 
e + C2F5  C2F5(vib) + e a [62] 
e + C2F5  CF3
–
 + CF2 a [62] 
e + C2F5  CF3 + CF2 + e a [62] 
e + C2F5  CF3
+
 + CF2 + e + e a [63] 
e + C2F5  C2F5
+
 + e + e a [63] 
e + C2F6  CF3
+
 + CF3 + e + e a [62] 
e + C2F6  C2F6 + e a [62] 
e + C2F6  C2F6(vib) + e a [62] 
e + C2F6  CF3 + CF3
–
 a [62] 
e + C2F6  C2F5 + F
–
 a [62] 
e + C2F6  CF3 + CF3 + e a [62] 
e + C3F5  C2F3 + CF2 + e 1.8×10
–8
T e
0.52
exp(–12.3/Te) [60,61] 
e + C3F5  C2F4 + CF + e 1.8×10
–8
T e
0.52
exp(–12.3/Te) [60,61] 
e + C3F6  C2F6
+
 + e + e 1.4×10
–8
T e
0.68
exp(–10.6/Te) [60,61] 
e + C3F6  C2F3 + CF3 + e 1.8×10
–8
T e
0.52
exp(–12.3/Te) [60,61] 
e + C3F6  C2F4 + CF2 + e 1.8×10
–8
T e
0.52
exp(–12.3/Te) [60,61] 
e + C3F7  C2F4 + CF3 + e 1.8×10
–8
T e
0.52
exp(–12.3/Te) [60,61] 
e + C4F7  C2F4 + C2F3 + e 5.7×10
–8
T e
0.28
exp(–8.0/Te) [62] 
e + C4F7  C4F7
+
 + e + e 1.4×10
–8
T e
0.68
exp(–10.6/Te) [62] 
e + C4F8  C4F8 + e a [52] 
e + C4F8  C4F8(vib) + e a [52] 
e + C4F8  C2F4 + C2F4 + e a [52] 
46 
 
Table 3.3 (cont.) Electron impact collisions included in a C4F8 plasma [52] 
e + C4F8  C4F8
–*
 a [52] 
e + C4F8  F
–
 + C4F7 a [52] 
e + C4F8  C3F5
+
 + CF3 + e + e a [64] 
e + C4F8  C2F4
+
 + C2F4 + e + e a [64] 
e + C4F8  F
+
 + C4F7 + e + e a [64] 
e + C4F8  CF3
+
 + C3F5 + e + e a [64] 
e + C4F8  CF2
+
 + C3F6 + e + e a [64] 
e + C4F8  CF
+
 + C3F7 + e + e a [64] 
a
Rate coefficient is calculated from electron energy distribution using the cross section from 
the cited reference. 
 
   The “ex” and “vib” in Table 3.3 stands for “excitational” and “vibrational” reactions, 
respectively. These reactions are important at low electron energies, and the cross section is 
analytically expressed by [65]  
 𝜎𝑗(𝐸) = 6.513 × 10
−14
𝑓0
𝐸𝑡ℎ,𝑗𝐸
[1 − (
𝐸𝑡ℎ,𝑗
𝐸
)
𝛼
]
𝛽
Φ(𝐸, 𝐸𝑡ℎ,𝑗) (3.13) 
where 𝐸𝑡ℎ,𝑗 is the excitation threshold, and Φ(𝐸, 𝐸𝑡ℎ,𝑗) is 
 Φ(𝐸, 𝐸𝑡ℎ,𝑗) =
{
 
 
 
  (
𝐸
𝐸𝑡ℎ,𝑗
)
1−Ω
 𝑓𝑜𝑟 𝑣𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛𝑎𝑙 𝑒𝑥𝑐𝑖𝑡𝑎𝑡𝑖𝑜𝑛
log10 [4𝑐 (
𝐸
𝐸𝑡ℎ,𝑗
) + 𝑒]  𝑓𝑜𝑟 𝑑𝑖𝑠𝑠𝑜𝑐𝑖𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑙𝑙𝑖𝑠𝑖𝑜𝑛
 (3.14) 
and the fitting parameters 𝑓0, 𝛼, 𝛽, and Ω are listed in Table 3.4 for C4F8 and C2F4 
reactions. 
 
Table 3.4 Fitting parameters used in equation (3.13) 
 C4F8 (vib) C2F4 (vib) C4F8 (dissociation) 
𝒇𝟎 0.0339 0.0412 0.7165 
𝜶 0.0057 0.0010 0.7426 
𝜷 0.8252 0.5248 1.0158 
𝛀 1.2279 0.9391  
𝒄   0.7602 
 
  The cross sections of the electron-impact dissociation reactions of C4F8 are shown in 
Figure 3.9. It can be seen that the dissociation cross sections of C2F4
+ and C3F5
+ are very 
similar in terms of electron impact energy. CF+  and CF3
+  can be formed by direct 
dissociation of C4F8 and multi-step dissociation of dissociated species in the plasma, such as 
the neutral dissociation of C2F4. Reactions of ion-neutral, ion-ion and neutral-neutral species 
are listed in Table 3.5, Table 3.6, and Table 3.7, respectively. 
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Figure 3.9 Cross sections of major electron-impact reactions for C4F8 [24]. 
 
Table 3.5 Ion-neutral reactions in a C4F8 plasma [52] 
Reaction Rate coefficient (cm
3
s
-1
) Reference 
F
+
 + F  F+ + F 1.0×10–9 [52] 
F
+
 + F2  F2
+
 + F 7.94×10
–10
 [52] 
F
+
 + CF2  CF
+
 + F2 2.28×10
–9
 [52] 
F
+
 + CF3  CF2
+
 + F2 2.90×10
–9
 [52] 
F
+
 + CF4  CF3
+
 + F2 1.0×10
–9
 [52] 
F
+
 + C2F4  C2F3
+
 + F2 1.0×10
–9
 [52] 
F
+
 + C2F6  C2F3
+
 + F2 1.0×10
–9
 [52] 
F
+
 + C2F5  C2F4
+
 + F2 1.0×10
–9
 [52] 
F2
+
 + CF  CF2
+
 + F 2.18×10
–9
 [52] 
F2
+
 + CF2  CF3
+
 + F 1.79×10
–9
 [52] 
F2
+
 + CF3  CF3
+
 + F + F 1.60×10
–9
 [52] 
F2
+
 + CF4  CF3
+
 + F + F2 1.0×10
–10
 [52] 
F2
+
 + C2F4  C2F4
+
 + F2 1.0×10
–10
 [52] 
F2
+
 + C2F5  C2F5
+
 + F2 1.0×10
–10
 [52] 
CF
+
 + CF  CF+ + CF 1.0×10–9 [66] 
CF
+
 + CF2  CF2
+
 + CF 1.0×10
–9
 [66] 
CF
+
 + CF3  CF3
+
 + CF 1.71×10
–9
 [66] 
CF
+
 + CF4  CF3
+
 + CF2 1.80×10
–10
 [67] 
CF
+
 + C2F4  CF3
+
 + CF + CF 2.60×10
–10
 [68] 
CF
+
 + C2F4  C3F5
+
 1.30×10
–10
 [68] 
CF
+
 + C2F6  CF3
+
 + C2F4 2.0×10
–10
 [67] 
CF2
+
 + CF2  CF2
+
 + CF2 1.0×10
–9
 [52] 
CF2
+
 + CF3  CF3
+
 + CF2 1.48×10
–9
 [52] 
CF2
+
 + C4F8  C3F5 + C2F4 + F 2.10×10
–11
 [52] 
CF2
+
 + C2F4  C2F4
+
 + CF2 1.00×10
–9
 [68] 
CF2
+
 + C2F6  C2F5
+
 + CF3 3.50×10
–11
 [52,69] 
CF2
+
 + CF4  CF3
+
 + CF3 0.40×10
–9
 [67] 
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Table 3.5 (cont.) Ion-neutral reactions in a C4F8 plasma [52] 
CF3
+
 + C3F5  C3F5
+
 + CF3 7.04×10
–10
 [68] 
CF3
+
 + C3F7  C3F7
+
 + CF3 7.04×10
–10
 [68] 
CF3
+
 + CF3  CF3
+
 + CF3 1.0×10
–9
 [52] 
CF3
+
 + C2F4  C3F7
+
 3.30×10
–11
 [68] 
CF3
+
 + C2F6  C2F5
+
 + CF4 2.50×10
–12
 [67] 
C2F4
+
 + C2F4  C3F5
+
 + CF3 2.0×10
–11
 [68] 
C3F7
+
 + C2F4  CF3
+
 + C4F8 2.0×10
–11
 [68] 
CF3
–
 + F  CF3 + F
–
 5.0×10
–8
 [70] 
CF3
–
 + CF3  C2F6 + e 1.0×10
–10
 b 
C4F8
–
 + F  C4F8 + F
–
 1.0×10
–9
 b 
b
Estimated 
 
Table 3.6 Ion-ion reactions in a C4F8 plasma [52] 
Reaction Rate coefficient (cm
3
s
-1
) Reference 
F
–
 + CF3
+
  F + CF3 8.7×10
–8
 [52] 
F
–
 + CF2
+
  F + CF2 9.1×10
–8
 [52] 
F
–
 + CF
+
  CF + F 9.8×10–8 [52] 
F
–
 + F2
+
  F + F2 9.4×10
–8
 [52] 
F
–
 + F
+
  F + F 3.1×10–7 [52] 
F
–
 + C2F5
+
  F + C2F5 9.0×10
–8
 [71,72] 
F
–
 + C2F3
+
  F + C2F3 9.0×10
–8
 [71,72] 
F
–
 + CF3
+
  CF2 + F2 8.7×10
–8
 [52] 
F
–
 + CF3
+
  CF2 + F + F 3.0×10
–7
 [73] 
F
–
 + CF2
+
  CF + F2 9.1×10
–8
 [52] 
F
–
 + C2F4
+
  CF + CF2 + F2 8.2×10
–8
 [52] 
F
–
 + C3F5
+
  C2F4 + CF2 8.0×10
–8
 [52] 
F
–
 + C3F6
+
  C2F4 + CF3 8.0×10
–8
 [52] 
F
–
 + C3F7
+
  C2F6 + CF2 8.0×10
–8
 [52] 
F
–
 + C4F7
+
  C2F5 + CF2 8.0×10
–8
 [52] 
CF3
–
 + CF
+
  CF3 + CF 2.0×10
–7
 [71,72] 
CF3
–
 + F
+
  CF3 + F 2.5×10
–7
 [71,72] 
CF3
–
 + F2
+
  CF3 + F2 2.0×10
–7
 [71,72] 
CF3
–
 + CF3
+
  CF3 + CF3 1.5×10
–7
 [74] 
CF3
–
 + C2F4
+
  CF3 + C2F4 1.0×10
–7
 [71,72] 
CF3
–
 + C2F3
+
  CF3 + C2F3 1.0×10
–7
 [71,72] 
CF3
–
 + C2F5
+
  CF3 + C2F5 1.0×10
–7
 [71,72] 
CF3
–
 + C3F5
+
  CF3 + C3F5 1.0×10
–7
 [71,72] 
CF3
–
 + C3F7
+
  CF3 + C3F7 1.0×10
–7
 [71,72] 
CF3
–
 + C4F7
+
  CF3 + C4F7 1.0×10
–7
 [71,72] 
CF3
–
 + CF2
+
  CF3 + CF2 2.0×10
–7
 [71,72] 
C4F8
–
 + CF
+
  C4F8 + CF 1.5×10
–7
 [71,72] 
C4F8
–
 + F
+
  C4F8 + F 2.0×10
–7
 [71,72] 
C4F8
–
 + F2
+
  C4F8 + F2 1.5×10
–7
 [71,72] 
C4F8
–
 + CF3
+
  C4F8 + CF3 1.0×10
–7
 [71,72] 
C4F8
–
 + C2F4
+
  C4F8 + C2F4 9.0×10
–8
 [71,72] 
C4F8
–
 + C2F3
+
  C4F8 + C2F3 9.0×10
–8
 [71,72] 
C4F8
–
 + C2F5
+
  C4F8 + C2F5 9.0×10
–8
 [71,72] 
C4F8
–
 + C3F5
+
  C4F8 + C3F5 9.0×10
–8
 [71,72] 
C4F8
–
 + C3F6
+
  C4F8 + C3F6 9.0×10
–8
 [71,72] 
C4F8
–
 + C3F7
+
  C4F8 + C3F7 9.0×10
–8
 [71,72] 
C4F8
–
 + C4F7
+
  C4F8 + C4F7 9.0×10
–8
 [71,72] 
C4F8
–
 + CF2
+
  C4F8 + CF2 1.0×10
–7
 [71,72] 
C4F8
–
 + CF
+
  C4F8 + CF 2.0×10
–7
 [71,72] 
C4F8
–*
 + F
+
  C4F8 + F 2.0×10
–7
 [71,72] 
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Table 3.6 (cont.) Ion-ion reactions in a C4F8 plasma [52] 
C4F8
–*
 + CF3
+
  C4F8 + CF3 1.0×10
–7
 [71,72] 
C4F8
–*
 + C2F4
+
  C4F8 + C2F4 9.0×10
–8
 [71,72] 
C4F8
–*
 + C2F3
+
  C4F8 + C2F3 9.0×10
–8
 [71,72] 
C4F8
–*
 + C2F5
+
  C4F8 + C2F5 9.0×10
–8
 [71,72] 
C4F8
–*
 + C3F5
+
  C4F8 + C3F5 9.0×10
–8
 [71,72] 
C4F8
–*
 + C3F6
+
  C4F8 + C3F6 9.0×10
–8
 [71,72] 
C4F8
–*
 + C3F7
+
  C4F8 + C3F7 9.0×10
–8
 [71,72] 
C4F8
–*
 + C4F7
+
  C4F8 + C4F7 9.0×10
–8
 [71,72] 
C4F8
–*
 + CF2
+
  C4F8 + CF2 1.0×10
–7
 [71,72] 
 
Table 3.7 Neutral-neutral reactions in a C4F8 plasma [52] 
Reaction Rate coefficient (cm
3
s
-1
) Reference 
C + C2F4  C2F3 + CF 1.91×10
–10
 [75] 
CF2 + CF3  C2F5 1.0×10
–12
 [76] 
CF2 + CF2  C2F4 7.21×10
–14
 [77] 
CF3 + CF3 + M  M + C2F6 3.94×10
–29
 cm
6
 s
–1
 [78] 
CF3 + CF3  C2F6 8.30×10
–12
 [76] 
F + CF3  CF4 2.0×10
–11
 [79] 
F + CF2  CF3 1.8×10
–11
 [80] 
F + CF  CF2 9.96×10
–11
 [81] 
F + F + M  F2 + M 6.77×10
–34
 cm
6
 s
–1
 [78] 
F + C2F4  CF3 + CF2 4.8×10
–11
 [82] 
F + C2F5  CF3 + CF3 1.0×10
–11
 [83] 
F + C4F7  C2F4 + C2F4 1.0×10
–11
 b 
F + C3F6  C3F7 1.0×10
–12
 [83] 
F + C2F3  C2F4 1.0×10
–12
 [83] 
F + CF3 + M  CF4 + M 1.6×10
–28
 [82] 
F2 + CF2  CF3 + F 8.3×10
–14
 [81] 
F2 + CF3  CF4 + F 1.9×10
–14
 [84] 
F2 + C2F4  C2F5 + F 3.5×10
–16
 [85] 
F2 + C3F6  C3F7 + F 3.5×10
–16
 [85] 
b
Estimated 
 
  As seen in Table 3.5, the ion-neutral reactions can be classified into charge exchange 
reactions and dissociative ionization reactions. Charge exchange reactions can happen at any 
locations in the plasma independent of ion energy. However, dissociative ionization reactions 
require sufficient ion energy to overcome the ionization potential of a molecule, which can 
possibly be enhanced in the sheath. The ion-ion reactions are important for the charge balance 
in the plasma due to the loss of negative ions is mainly realized by ion-ion neutralization 
reactions. The effect of neutral-neutral reactions, on the other hand, is less significant, since 
these reactions generally have much lower rate coefficients compared to ion-neutral or ion-ion 
reactions, as seen in Table 3.7. 
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3.2.2 Experimental results of species detected in C4F8 plasmas 
  The analysis for the species in C4F8 plasmas has been done in a similar manner with 
that in SF6 plamsas. A typical IED spectrum of the positive, negative, and neutral species 
found in a C4F6 plasma is shown in Figure 3.10. This set of data is taken for a C4F8 plasma 
operating at a TCP power of 1500 W and a pressure of 40 mTorr. It is clear that CF3
+ and 
CF+  is the most dominant positive ions in this case, followed by C3F5
+. This observation 
disagrees with the simulation data reported in [24] if the major branching of C2F4 dissociation 
is assumed by 
 𝐶2𝐹4 → 𝐶𝐹2 + 𝐶𝐹2  (3.15) 
in which case CF2
+  are the dominant positive ions. However, if half of ratio of C2F4 
dissociation is assumed to be  
 𝐶2𝐹4 → 𝐶𝐹3 + 𝐶𝐹 (3.16) 
the simulation results are in better agreement with experiments. Since CF2
+ ions are observed 
as a minor species as shown in Figure 3.10 (a), it is concluded that the C2F4 dissociation by 
equation (3.16) is the dominant reaction. On the other hand, the F−  ions are the most 
important negative ions, followed by CF3
−, and CF3 and F are the dominant neutral species in 
this case, followed by CF2, as can be seen in Figure 3.10 (b) and Figure 3.10 (c), respectively. 
 
Figure 3.10 (a) Positive ions, (b) negative ions and (c) neutral species of a C4F8 plasma operated 
at 1500 W, 40 mTorr. 
(a)  
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Figure 3.10 (cont.) (a) Positive ions, (b) negative ions and (c) neutral species of a C4F8 plasma 
operated at 1500 W, 40 mTorr.  
 
  It is noticed in Figure 3.10 (a) that for a C4F8 plasma operated at 1500 W and 40 mTorr, 
all positive ions IEDs consist of two peaks with a small energy separation of around 2 eV. 
This can be explained by different dissociation paths in CF3
+ generation, similar to the case 
of SF3
+ generation in SF6 plasmas. Two the major CF3
+ generation mechanisms in a C4F8 
plasma are through C3F5 and through C2F4 
 
𝐶4𝐹8 → 𝐶𝐹3
+ + 𝐶3𝐹5 
(3.17) 
𝐶4𝐹8 → 𝐶3𝐹5
+ + 𝐶𝐹3 → 𝐶𝐹3
+ + 𝐶3𝐹5 
and 
(b)  
(c)  
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𝐶4𝐹8 → 𝐶2𝐹4
+ + 𝐶2𝐹4 → 𝐶𝐹3
+ + 𝐶𝐹 + 𝐶2𝐹4 
(3.18) 
𝐶4𝐹8 → 𝐶2𝐹4
+ + 𝐶2𝐹4 → 𝐶2𝐹4
+ + 𝐶𝐹3
+ + 𝐶𝐹 
The small separation of two energy peak indicates that the threshold energy of these two 
dissociation reaction paths is similar. The threshold energies of reactions (3.17) and (3.18) are 
found to be 14.4 eV and 12.35 eV [86], which agrees with the energy peak separation in 
Figure 3.10 (a).  
  The IEDs of positive ions in a C4F8 plasma have distinct behaviors at different plasma 
conditions. The IEDs of one of the dominant ions, the CF+  ions, is shown in Figure 3.11 at 
different pressure and TCP power. It is clear that at high pressure and low TCP power all ion 
species are thermalized by collisions. This means C4F8 plasmas mostly generate neutral 
species at high pressure, which may have a significant impact on the passivation process in 
TSV etching.    
 
Figure 3.11 Comparison of 𝐂𝐅+ IEDs in C4F8 plasmas operated at different pressure and TCP 
power. 
 
  Total flux of positive ions in a C4F8 plasma operated at different pressure is compared 
in Figure 3.12. It can be seen that as pressure increases from 40 mTorr to 60 mTorr, the 
intensity of all positive ions decreases. However, as pressure is further increased from 60 
mTorr to 80 mTorr, the intensity of most positive ions does not change significantly, and the 
overall fluxes of CF2
+ and C2F4
+ ions are even slightly increased. This indicates that the 
major dissociation path of C4F8 is the CF2  formation shown as equation (3.15) at a high 
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pressure.  
 
Figure 3.12 Total positive ion flux in a C4F8 plasma as a function of pressure.  
 
  The signals of neutral species at different pressure and TCP power are compared in 
Figure 3.13. It can be seen that the intensity of all neutral peaks generally increases with 
pressure and TCP power except for CF and CF3, which have the highest counts at a pressure 
of 40 mTorr and the lowest counts at a pressure of 80 mTorr. This again indicates that the 
dissociation path of C4F8 significantly depends on pressure. It can be concluded from these 
observations that at a low pressure, the C4F8 dissociation predominantly takes place through  
 𝐶4𝐹8 → 𝐶2𝐹4 → 𝐶𝐹3 + 𝐶𝐹 (3.19) 
and at a high pressure, C4F8 dissociates mainly through  
 𝐶4𝐹8 → 𝐶2𝐹4 → 𝐶𝐹2 + 𝐶𝐹2 (3.20) 
  A higher TCP power results in a more complete dissociation of C4F8, as shown in 
Figure 3.13 (b). Consequently, the chemistry of the passivation films may vary as the TCP 
power changes in experiments. It is expected that a more effective passivation mechanism is 
expected at a higher TCP power, due to abundant CFx monomers produced in the C4F8 
plasmas. Although a more effective passivation may increase passivation uniformity, it can 
also sacrifice the etch rate. Therefore, finding the optimal etching/passivation balance window 
is one of the most significant tasks for an anisotropic etching process.  
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Figure 3.13 Neutral species in a C4F8 plasma as a function of (a) pressure and (b) TCP power.  
 
3.3 Plasma Chemistry in a SF6/C4F8 Plasma 
  A large part of the experiments performed in this study involves with using a mixture 
of SF6 and C4F8 gases to conduct the TSV etching and passivation simultaneously. It is clear 
that the chemistry in a SF6/C4F8 plasma is much more complicated than that in a pure SF6 or a 
pure C4F8 plasma due to possible interactions between species dissociated from SF6 and C4F8. 
However, it is not yet investigated what types of chemical reactions would occur when the 
plasma species from SF6 and C4F8 molecules interact with each other, either by theoretical 
simulation or experiments. One can expect that the number density fluorine species (positive, 
(a)  
(b)  
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negative, and neutral F) may be strongly affected by mixing SF6 and C4F8 gases together in a 
plasma. The chemical balance of fluorine species created by dissociation of SF6 molecules 
can be significantly shifted by interactions with CxFy species from C4F8 dissociation, as listed 
in Table 3.8. This mechanism can significantly reduce the silicon ER due to the loss of 
fluorine atoms used in etching. The other possible effect is that the addition of the SF6 species 
can modify the polymerization process and change the chemical composition of the deposited 
polymer films, compared to that formed by a pure C4F8 plasma. More importantly, all these 
effects also depend on variables such as SF6:C4F8 gas mixture ratio, chamber pressure, TCP 
power, and bias voltage. 
 
Table 3.8 F enhanced reactions in a SF6/C4F8 plasma 
Reaction Rate coefficient (cm
3
s
-1
) 
F + CF3  CF4 2.0×10
–11
 
F + CF2  CF3 1.8×10
–11
 
F + CF  CF2 9.96×10
–11
 
F + C2F4  CF3 + CF2 4.8×10
–11
 
F + C2F5  CF3 + CF3 1.0×10
–11
 
F + C4F7  C2F4 + C2F4 1.0×10
–11
 
F + C3F6  C3F7 1.0×10
–12
 
F + C2F3  C2F4 1.0×10
–12
 
F + CF3 + M  CF4 + M 1.6×10
–28
 
F2 + CF2  CF3 + F 8.3×10
–14
 
F2 + CF3  CF4 + F 1.9×10
–14
 
F2 + C2F4  C2F5 + F 3.5×10
–16
 
F2 + C3F6  C3F7 + F 3.5×10
–16
 
F
–
 + CF3
+
  F + CF3 8.7×10
–8
 
F
–
 + CF2
+
  F + CF2 9.1×10
–8
 
F
–
 + CF
+
  CF + F 9.8×10–8 
F
–
 + C2F5
+
  F + C2F5 9.0×10
–8
 
F
–
 + C2F3
+
  F + C2F3 9.0×10
–8
 
F
–
 + CF3
+
  CF2 + F2 8.7×10
–8
 
F
–
 + CF3
+
  CF2 + F + F 3.0×10
–7
 
F
–
 + CF2
+
  CF + F2 9.1×10
–8
 
F
–
 + C2F4
+
  CF + CF2 + F2 8.2×10
–8
 
F
–
 + C3F5
+
  C2F4 + CF2 8.0×10
–8
 
F
–
 + C3F6
+
  C2F4 + CF3 8.0×10
–8
 
F
–
 + C3F7
+
  C2F6 + CF2 8.0×10
–8
 
F
–
 + C4F7
+
  C2F5 + CF2 8.0×10
–8
 
F
+
 + CF2  CF
+
 + F2 2.28×10
–9
 
F
+
 + CF3  CF2
+
 + F2 2.90×10
–9
 
F
+
 + CF4  CF3
+
 + F2 1.0×10
–9
 
F
+
 + C2F4  C2F3
+
 + F2 1.0×10
–9
 
F
+
 + C2F6  C2F3
+
 + F2 1.0×10
–9
 
F
+
 + C2F5  C2F4
+
 + F2 1.0×10
–9
 
F2
+
 + CF  CF2
+
 + F 2.18×10
–9
 
F2
+
 + CF2  CF3
+
 + F 1.79×10
–9
 
F2
+
 + CF3  CF3
+
 + F + F 1.60×10
–9
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Table 3.8 (cont.) F enhanced reactions in a SF6/C4F8 plasma 
F2
+
 + CF4  CF3
+
 + F + F2 1.0×10
–10
 
F2
+
 + C2F4  C2F4
+
 + F2 1.0×10
–10
 
F2
+
 + C2F5  C2F5
+
 + F2 1.0×10
–10
 
 
  Comparison between the intensity of the species generated in a pure SF6 or a pure C4F8 
plasma and in a SF6/C4F8 plasma can provide important information for understanding 
interactions between SF6 and C4F8. These results have been shown in Figure 3.14 ~ Figure 
3.16. The comparison is conducted between a pure SF6 or C4F8 plasma with a flow rate of 200 
sccm at 40 mTorr and a SF6/C4F8 plasma with a mixture of 200 sccm SF6 and 200 sccm C4F8 
operated at 80 mTorr. The intensity of different ion species is compared at the same SF6 or 
C4F8 partial pressure. The partial pressure can be expressed as 
 𝑃𝑝𝑎𝑟𝑡𝑖𝑎𝑙𝑉𝑡𝑜𝑡𝑎𝑙 = 𝑃𝑡𝑜𝑡𝑎𝑙𝑉𝑝𝑎𝑟𝑡𝑖𝑎𝑙 (3.21) 
where P is the pressure and V is the volume. Since the volume is the flow rate times time, the 
partial pressure is simply depending on the ratio of the partial flow rate over the total flow 
rate. In this study, the SF6 and C4F8 both have a partial pressure of 40 mTorr in the SF6/C4F8 
plasma.  
  It can be seen in Figure 3.14 that the intensity of all positive ions is reduced in the 
SF6/C4F8 plasma, compared to a pure SF6 plasma and a pure C4F8 plasma at the same partial 
pressure. This may result from either a weaker ionization due to the decrease of electron 
density, or a stronger positive-negative ion neutralization when mixing SF6 and C4F8 together. 
However, it is found that the intensity decrease is much more significant for lighter species, 
such as SF2
+, SF+, S+, CF2
+ and CF+ ions, compared to heavier species, such as SF6
+, 
SF5
+ and C4F8
+. This observation indicates that the electron-impact ionization is weakened in 
a SF6/C4F8 plasma, since the lighter ions are mainly created by electron-impact dissociation. 
Another observation from Figure 3.14 is that the intensity of the SF3
+ ions in the SF6/C4F8 
plasma is only slightly decreased, compared to a pure SF6 plasma. This again indicates that 
SF3
+ ions are generated not only by the electron-impact dissociations from SF6, but also other 
multi-step dissociations from heavy SFx species through three-body interactions in a SF6/C4F8 
plasma. 
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Figure 3.14 Comparison of the intensity of the positive ions from (a) a pure SF6 and (b) a pure 
C4F8 plasma and a SF6/C4F8 plasma at a TCP power of 1500 W.  
 
  The behavior of the negative ions in the SF6/C4F8 plasma is different from that of 
positive ions, as shown in Figure 3.15. It is clear that the intensity of the light negative ions, 
such as SF− , SF2
−, SF3
− and CF−  are reduced in the SF6/C4F8 plasma, compared to a pure 
SF6 plasma or  a pure C4F8 plasma. On the contrary, the intensity of heavy negative ions, 
such as SF4
−, SF5
−, SF6
−, CF3
− and C4F3
−, are slightly larger in the SF6/C4F8 plasma. This 
may result from the fact that the electrons are consumed more in the electron-attachment 
reactions in the SF6/C4F8 plasma than in a pure SF6 or C4F8 plasma due to weaker ionization. 
It is important to point out that whether the F−  ions are originated from the dissociation of 
(a)  
(b)  
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SF6 or from the dissociation of C4F8 cannot be distinguished from the experimental data. 
However, it is noticed that the overall intensity of the F−  ions in a SF6/C4F8 plasma is 
smaller than that in a pure SF6 plasma and larger than a pure C4F8 plasma, indicating the F
−  
ions are mainly from the dissociation of SF6. It is therefore speculated that the intensity of F
−  
ions created by C4F8 molecules in the SF6/C4F8 is probably lower than the F
−  ions created 
by a pure C4F8 plasma at the experimental conditions in this study. 
    
 
 
Figure 3.15 Comparison of the intensity of the negative ions from (a) a pure SF6 and (b) a pure 
C4F8 plasma and a SF6/C4F8 plasma at a TCP power of 1500 W.  
   
  The comparison of neutral species of the SF6/C4F8 plasmas and pure SF6 or C4F8 
(a)  
(b)  
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plasmas is shown in Figure 3.16. It can be seen that the intensity of the neutral F atoms is 
much higher in the SF6/C4F8 plasma than the sum of that of the pure SF6 and C4F8 plasmas. 
However, the intensity of the neutral SF3 is much lower in the SF6/C4F8 plasma, which may be 
consumed in producing SF3
+ ions through equation (3.12). Other polymer forming monomers, 
such as CF2, CF3 and C2F3, are generally increased in the SF6/C4F8 plasma. This implies an 
enhanced passivation if a SF6/C4F8 plasma is used for TSV etching processes.  
 
Figure 3.16 Comparison of the intensity of the neutral species from a pure SF6 or C4F8 plasma 
and a SF6/C4F8 plasma at a TCP power of 1500 W. 
 
  Lastly, the IEDs of two of the most dominant positive ions in a SF6/C4F8 plasma, SF3
+ 
and CF3
+, is compared in Figure 3.17 at different operating pressure. It can be seen at a 
relatively low pressure (40 mTorr and 60 mTorr), the IED of the SF3
+ ions consists of a 
low-energy peak and one or more high-energy peaks, whereas the IED of CF3
+ ions consists 
of one or more medium-energy peaks. At an increased pressure (80 mTorr), the energy 
difference of SF3
+ and CF3
+ ions is reduced. Finally, the energies of both of these ions are 
thermalized at about 0.2 eV when the pressure is increased to 100 mTorr. The different 
behavior of the IED of SF3
+ and CF3
+ ions indicates that there is a discrepancy between the 
ion angular distributions of SF3
+  and CF3
+  when they arrive at the substrate surface, 
especially for a low-pressure etching process. Since CF3
+ is one of the dominant species in 
ion-enhanced polymer deposition and SF3
+ is the dominant polymer sputtering ion species, 
the different angular distributions of these two ion species can result in preferable polymer 
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removal at some surface locations. As a result, this discrepancy will have an impact on the 
etch rate at different surface locations and eventually affects the overall etch profile. 
 
 
Figure 3.17 Comparison of the intensity of (a) 𝐒𝐅𝟑
+ and (b) 𝐂𝐅𝟑
+ ions of SF6/C4F8 plasmas at 
different pressure.  
 
  Understanding the plasma chemistry in the TSV etching processes is important for 
establishing an appropriate simulation model and for explaining the etch phenomena in the 
experimental etch profiles. It has been shown that the behavior of almost all the plasma 
species is distinct in a SF6/C4F8 plasma, compared to a pure SF6 or a pure C4F8 plasma. 
Results suggest that if an optimal Bosch process has been found to realize good anisotropic 
etch profiles for TSV application, a single-step etching process mixing the etching and 
passivation chemistries in the etching and passivation phases in this Bosch process will not 
(a)  
(b)  
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result in a good-quality anisotropic TSV etch profile. The effects of the ions and neutrals in 
the SF6 and C4F8 will be further explored later in this study by both simulation models and 
experimental results.  
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Chapter 4 Theory and Model Establishment of TSV 
Etching 
4.1 Introduction 
  Simulation work in this study is complemented by computational studies utilizing 
commercial program COMSOL Multiphysics (COMSOL, version 4.3a). COMSOL uses the 
finite-element-method (FEM) together with adaptive meshing to solve coupled multiphysics 
problems. Two important aspects in the model establishment need to be appropriately 
considered in order to simulate an etching process correctly: (1) Motions of each type of 
species participating in the etching process from a plasma. This includes interactions between 
particles due to collisions and interactions with an electromagnetic field if the particles are 
charged. For low pressure etching processes, collisions between particles are negligible due to 
the fact that the mean free path of the particles is much larger than the feature size. In this 
regime, two common simulation approaches can be used to model the flow: the Monte Carlo 
method and the angular coefficient method. The Monte Carlo method directly calculates the 
trajectories of randomized particles in the system and the angular coefficient method 
calculates the distributions of fluxes using a FEM approach. The simulation models 
established in COMSOL in this study utilize the angular coefficient method. (2) Surface 
reactions between the plasma species and the surface materials. This includes material etching, 
polymer deposition, and polymer sputtering induced by ions and neutrals.  
  In the experimental work of this study, the chamber pressure in all etching processes 
remains below 150 mTorr. As a result, the mean free path of any gas molecule is much larger 
than the length scale of the TSV feature (8 µm). Therefore, it is valid to consider each type of 
plasma molecule as a free molecular flow because the frequency of the molecules colliding 
with surfaces is much larger than the frequency of molecules colliding with each other. The 
surface reaction rates for silicon-neutral etching, ion sputtering, ion-enhanced etching, and 
ion-enhanced deposition are individually calculated and integrated in a deformed geometry in 
the simulation model to predict the profile evolution for the next moment using moving 
meshes. COMSOL creates sequences to record all steps from defining the geometry, 
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designing meshes, and creating solver settings. 
  A brief description of each sub-model used in TSV etching modeling will be given in 
this chapter, followed by considerations used in the simulation of TSV etching in a 
time-dependent manner using isotropic and anisotropic etching techniques. The variables used 
in the simulation model will be paired with the parameters of experiments, such as 
etching/passivation gas ratio, ion energy and ion angular distribution. Examples of etch 
profiles realized by the isotropic etching, Bosch process, and single-step etching models will 
be shown to validate further application of these established models in this section.    
 
4.2 Theory of Plasma-Surface Interactions in TSV Etching 
4.2.1 Etching mechanism 
 
  In this study, the SF6 etching is described by the classic model proposed by 
Gerlach-Meyer [87 ]. Total etch rate (ER) consists of contributions from spontaneous 
(thermal) etching by neutral species, physical sputtering by ions, and ion-enhanced etching. In 
fluorine plasmas, the thermal etching is mainly induced by fluorine atoms, and it can be 
characterized by the Arrhenius form  
 𝐸𝑅𝑡ℎ = 𝑘0𝑒𝑥𝑝 (−
𝐸𝑎
𝑘𝑇
)𝛤𝐹 (4.1) 
where 𝑘0  is the rate parameter, Γ𝐹  is the atomic fluorine atoms, T is the substrate 
temperature, and 𝐸𝑎  is the activation energy. The values of 𝑘0 and 𝐸𝑎  are 3.59×10
−23
 
µm∙s∙m2/min and 0.108 eV from [10]. The fluxes in this study are estimated by 
 𝛤𝑖 =
𝑃𝑖
√2𝜋𝑚𝑖𝑘𝑇𝑖
 (4.2) 
where 𝑃𝑖 is the partial pressure, 𝑚𝑖 is the mass, and 𝑇𝑖 is the temperature of species 𝑖. 
   The ERs of physical sputtering (ER𝑠𝑝 ) and ion enhanced etching (ER𝑖𝑒 ) are 
characterized by a model proposed by Gray et al. [88] and can be expressed as 
 𝐸𝑅𝑠𝑝 = 𝑌𝑠𝑝(1 − 𝛩𝐹)𝛤𝑖𝑜𝑛 (4.3) 
 𝐸𝑅𝑖𝑒 = 𝑌𝑖𝑒𝛩𝐹𝛤𝑖𝑜𝑛 (4.4) 
where 𝑌𝑠𝑝 and 𝑌𝑖𝑒 are the yield of physical sputtering and ion-enhanced etching, Γ𝑖𝑜𝑛 is the 
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ion flux, and Θ𝐹 is the surface coverage fraction by fluorine atoms. Θ𝐹 is determined by the 
fluorine surface sticking coefficient 𝑠 on silicon 
 𝛩𝐹 =
𝑠 (
𝛤𝐹
𝛤𝑖𝑜𝑛
)
𝑠 (
𝛤𝐹
𝛤𝑖𝑜𝑛
) + 2𝑌𝑖𝑒
 (4.5) 
Both 𝑌𝑠𝑝 and 𝑌𝑖𝑒 are found increase approximately with the square root of ion energy [89]. 
For fluorine plasmas,  
 𝑌𝑠𝑝 = 𝐴(√𝐸𝑖 −√𝐸𝑡ℎ) (4.6) 
 𝑌𝑖𝑒 = 𝐵√𝐸𝑖 (4.7) 
where 𝐸𝑡ℎ is the threshold energy with an order of magnitude of 10 eV [90]. Factors A and B 
are depending on the type of ion species and neutral-to-ion flux ratio. It is important to point 
out that 𝑌𝑠𝑝 usually has a much smaller value than 𝑌𝑖𝑒. Data from Vitale et al. [91] has 
indicated that for an argon-enhanced F2 plasma, 𝐸𝑡ℎ is around 50 eV, and the values of A and 
B are 0.022 and 2.35, respectively. This means the effect of sputtering is small enough to be 
ignored in the overall ER. 
  Analysis of the SF6 plasmas used this study has shown that SF3
+ is the dominant 
positive ions and F atoms are the major neutral species in section 3.1.2. The effect of silicon 
sputtering effect by SF3
+  ions can be simulated by a Monte-Carlo simulator TRIDYN 
developed by Möller and Eckstein [92]. TRIDYN is a dynamic version of the binary collision 
approximation simulator TRIM (transport of ions in matter) developed by Ziegler et al. 
around 1983 to simulate ion trajectories and lattice damage for static target substances [93]. 
TRIDYN is a vectorized program which is capable of simulating the phenomena of the 
fluence-dependent ion deposition, preferential sputtering, and atomic mixing. The theory of 
the ion sputtering is detailed later in section 4.2.3.      
  The ion-enhanced etching yield used in this study is estimated using the Ar-enhanced 
fluorine plasma data in [88]. In the case of low-energy ions (20~200 eV), the silicon etching 
yield by Ar ions is in the range of 5 ~ 10 atom/ion and increases as neutral-to-ion ratio 
increases. The ion-enhanced silicon yield by SF3
+ is expected to be larger than that of Ar ions 
due to larger mass of SF3
+ ions. The other possible reason is SF3
+ ions may be dissociated 
and integrated into silicon lattice upon bombardment and the F element may help to increase 
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silicon ER. It is believed that the ion-enhanced etching yield by SF3
+ ions can be increased at 
least by a factor of 2, compared to Ar ions. In the simulation part, this can set as a variable to 
investigate the effect of the reaction mechanism of SF3
+ ion on silicon surface.  
 
4.2.2 Passivation mechanism 
  The passivation in C4F8 plasmas is made possible by the deposited fluorocarbon films 
formed by the decomposition of C4F8 molecules. Neutral CFx radicals are critical for polymer 
formation on silicon surface. The morphology of deposited films is found to be strongly 
depending on the CFx concentration [94]. Recombination reactions occur at a high rate when 
there is a high density of CFx radicals, resulting in heavy fragment (CxFy) formation and 
powder/film deposition. At low densities of CFx radicals, amorphous and cross-linked (CFx)n 
films can be formed on silicon surface.    
  It is noted in [94] that the deposition mechanism of C4F8 plasma is depending on 
plasma duty cycle. At very low values of duty cycle, low concentration of CFx monomers are 
produced and absorbed onto the silicon surface. These monomers diffuse to reach the 
activated sites during the duty-off time, before the arrival of positive ions during the duty-on 
period. In this case, sites occupied by the CFx monomers become nucleation center for other 
incoming monomers to induce polymer formation. In the regime of low duty cycle deposition, 
films grow with nano-/micro-crystalline ribbon-like structures. On the other hand, C4F8 
plasmas with high duty cycle deposit isotropic polymer with spherical nano-sized 
aggregation.  
  The deposition rate (DR) of the polymer resulted from neutral CxFy radicals can be 
related to the flux of these radicals 𝛤 and their sticking coefficient 𝑠 [95] 
 𝐷𝑅𝑛𝑒𝑢𝑡𝑟𝑎𝑙 =∑
𝐾𝑖
𝜌𝑓𝑖𝑙𝑚
𝛤𝑖𝑠𝑖
𝑖
 (4.8) 
where 𝐾𝑖 is the number of carbon atoms incorporated into the film by neutral species i and 
𝜌𝑓𝑖𝑙𝑚 is the density of deposited film. Saraf et al. [95] estimated the upper bound of the 
largest possible sticking coefficient was only 0.15%. This indicates that neutral CxFy 
monomers are subject to frequent reflections by the feature walls before they are finally 
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sticking to the growing film. Consequently, films grown solely by neutral fluorocarbon 
monomers should be close to conformal.  
  A study on the aspect ratio dependence of the deposition both at the bottom and on the 
sidewalls of trenches has showed that at the top of the sidewalls where undercut occurs has 
much lower film coverage than that at the bottom of the sidewalls [95]. This observation 
strongly implies that the ion-enhanced polymer deposition plays an important role in film 
growth for C4F8 plasmas. The mechanism for ion-enhanced deposition is probably similar to 
that for ion-enhanced etching. The ion bombardment creates reactive sites on silicon surface 
for neutral particles to attach, where the sticking coefficient increases substantially. If the flux 
of neutral species is much larger than the flux of the ions, the deposition rate of the polymer 
resulted from ion-enhanced deposition can be modified as  
 𝐷𝑅𝑖𝑜𝑛 =∑∑
𝐾𝑗
𝜌𝑓𝑖𝑙𝑚
𝛤𝑗𝑠𝑖𝑗
𝑗𝑖
 (4.9) 
where subscript i and j represent neutral and ion species, respectively.  
  It is known from previous analysis that the major positive ions in C4F8 plasmas in this 
study is CF3
+ and the major fluorocarbon neutral species is CF2. Therefore, 𝐾𝑖 = 𝐾𝑗 = 1 in 
equations (4.8) and (4.9). It is important to remember that the neutral F atoms are another 
major neutral species in the C4F8 plasmas, as shown in Figure 3.13. The role of F atoms can 
be complicated: they may etch the deposited films and reduce the effective deposition rate, 
and they can be incorporated into the deposited films and increase the deposition rate. Since 
the sticking coefficient for F atoms on fluorocarbon film is significantly less than on silicon, 
the effects described above may not affect the deposition rate significantly. However, F atoms 
can open active sites on the deposited polymer films, which may enhance the sticking 
coefficient for neutral species and increase deposition rate effectively.   
 
4.2.3 Ion Sputtering of Polymer Films 
  In this study, the polymer film deposited on the silicon surface is consumed mainly by 
the ion sputtering process to induce etching. A widely used analytical formula for calculating 
the sputtering yields is known as the Bohdansky Formula [96]. The Bohdansky Formula was 
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deduced by fitting an analytical transport model by Sigmund [97] using experimental data and 
appropriate scaling parameters. It describes the sputtering yield as a function of the incident 
ion energy at normal incidence  
 𝑌(𝐸, 𝜃 = 0°) = 𝑄𝑆𝑛
𝑇𝐹(𝜀) [1 − (
𝐸𝑡ℎ
𝐸
)
2/3
] (1 −
𝐸𝑡ℎ
𝐸
)
2
 (4.10) 
where   
 𝑄 =
0.042
𝑈𝑆𝐵
𝛾
𝑀2
𝑀1
 (4.11) 
 𝑆𝑛
𝑇𝐹(𝜀) = 4𝜋𝑎𝑍1𝑍2𝑒
2
𝑀2
𝑀1 +𝑀2
3.441√𝜀ln (𝜀 + 2.718)
1 + 6.35√𝜀 + 𝜀(6.882√𝜀 − 1.708)
 (4.12) 
are known as the yield factor and the nuclear stopping cross section normalized to the reduced 
energy 𝜀, respectively [98]. 𝑈𝑆𝐵 is the surface binding energy and 𝛾 is a dimensionless 
number depending on the mass ratio and incident energy [96]. 𝛾 and 𝜀 can be expressed as 
 𝛾 =
{
 
 
 
 0.3 (
𝑀2
𝑀1
)
2/3
,   𝑓𝑜𝑟 0.5 <
𝑀2
𝑀1
< 10 
0.2,   𝑓𝑜𝑟 
𝑀2
𝑀1
< 0.5
 (4.13) 
 𝜀 = 𝐸
𝑀2
𝑀1 +𝑀2
𝑎
𝑍1𝑍2𝑒2
 (4.14) 
𝑀1 and 𝑀2 are the masses, and 𝑍1 and 𝑍2 are the nuclear charges of the projectile and the 
target atom, respectively. The electronic charge e should be entered as (14.4 𝑒𝑉 ∙ Å)1/2 in 
this form. 𝑎 is the Thomas-Fermi screening length, given by 
 𝑎 = (
9𝜋2
128
)
1/3
𝑎0 (𝑍1
2/3
+ 𝑍2
2/3
)
−1/2
Å (4.15) 
where 𝑎0 = 0.529 Å is the Bohr radius. Lastly, 𝐸𝑡ℎ is the threshold energy for sputtering, 
which can be described by empirical expressions [99] 
 𝐸𝑡ℎ =
{
 
 
 
 (𝑀1 +𝑀2)
4
4𝑀1𝑀2(𝑀1 −𝑀2)2
𝑈𝑆𝐵 ,   𝑓𝑜𝑟 
𝑀1
𝑀2
< 0.3 
8 (
𝑀1
𝑀2
)
2/5
𝑈𝑆𝐵,   𝑓𝑜𝑟 
𝑀1
𝑀2
> 0.3
 (4.16) 
  For the dependence of the sputtering yield on the angle of incidence, Yamamura [100] 
proposed a procedure which is based on the assumption that the angular dependence can be 
described by a factor to the yield at normal incidence. 
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 𝑌(𝐸, 𝜃) = 𝑌(𝐸, 𝜃 = 0°)
1
cos𝑓 𝜃
𝑒𝑥𝑝 [𝑓 cos𝜃𝑜𝑝𝑡 (1 −
1
cos𝜃
)] (4.17) 
Empirical expressions for 𝑓 and 𝜃𝑜𝑝𝑡 
 𝑓 = √𝑈𝑆𝐵 (0.94 − 1.33 × 10
−3
𝑀2
𝑀1
) (4.18) 
 𝜃𝑜𝑝𝑡 = 90° − 286°
[
 
 
 
 
(𝑎𝑛𝑡
1/3
)
3/2
√
𝑍1𝑍2
(𝑍1
2/3
+ 𝑍2
2/3
)
1/2
𝐸
]
 
 
 
 
0.45
 (4.19) 
Where 𝑛𝑡 is the target density in Å
−3.  
  In this study, the major projectile ions for sputtering is SF3
+ ions (𝑀1 = 89, 𝑍1 = 43), 
and a typical energy of SF3
+ ions is 100 eV. For Si surface (𝑀1 = 89, 𝑍1 = 43, 𝑈𝑆𝐵 =
4.7 𝑒𝑉), the sputtering yield and some other parameters are listed in Table 4.1. For CFx 
polymer surface, the surface binding energy is estimated by the carbon bond (𝑈𝑆𝐵 = 7.41 𝑒𝑉). 
The results for polymer formed by CF2 monomers are listed in Table 4.1 as well. 
 
Table 4.1 Si sputtering yield by low-energy (100 eV) 𝐒𝐅𝟑
+ ions 
 𝑬𝒕𝒉(𝒆𝑽) 𝜺 𝑸 𝑺𝒏
𝑻𝑭(𝒆𝑽 ⋅ Å𝟐) 𝒇 𝜽𝒐𝒑𝒕(°) 𝒀𝒔𝒑(𝜽 = 𝟎°) 
Si 59.7 3.0 × 10−4 3.9 × 10−4 155 2.04 54.4 2.9 × 10−3 
(CF2)n 74.7 2.5 × 10−4 6.5 × 10−4 343 2.56 62.0 2.5 × 10−3 
 
  It can be seen that the physical sputtering yield of silicon is small enough to be 
ignored, compared to the yield of ion-enhancing etching (5 ~ 10 at an energy of 100 eV). 
The reason for the even smaller sputtering yield of the (CF2)n polymer is because the 
bonding energy between CF2 monomers is considered as the carbon-carbon (C-C) bond in 
this case. The surface binding energy for a small polymer molecule to an amorphous bulk 
polymer surface is expected to be much smaller than the C-C bond. A modified sputtering 
yield is proposed by Rauf et al. [101]  
 𝑌(𝐸𝑖 , 𝜃 = 0°) = 6.88(𝐸𝑖 − 10)
0.5 (4.20) 
where 𝐸𝑖 is the ion energy in eV. This sputtering yield in equation (4.20) will be used for 
polymer sputtering simulation throughout this study. 
 
4.3 Model Establishment for Silicon Etching  
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  The methodology for simulating the silicon etching in this study is to formulate an 
empirical surface reaction mechanism based on qualitative data available in literature and the 
correlation of simulation results with the experimental observations. Quantitative data such as 
ion angular distribution and sticking coefficients can be estimated from comparison of the 
simulating profiles with experiments. The simulation models and their mechanism are 
described in this section.  
  A time-independent TSV etching model is useful to predict the profile evolution 
during the etching and passivation phases of a Bosch process. Kushner’s group has developed 
a profile simulator based on a Monte Carlo model to investigate silicon micro-trench etching 
by a chlorine plasma [102,103]. In this study, a different approach based on the angular 
coefficient method is established to predict the profile evolution in TSV etching. This model 
integrates two steps to predict the TSV profile at a given time. First, a “free molecular flow” 
model is used to calculate the reactant flux, including ions and neutral species, reached at the 
gas-solid interface. In this step, particle balance is calculated based on the Knudsen transport 
[104] 
𝑣𝑡 − (1 − 𝐾)𝑣𝑡 − 𝐾(1 − 𝑆)𝑣𝑏 = 𝑆𝑣𝑏 (4.21) 
where 𝑣t and 𝑣b are the etchant fluxes at the top and bottom of feature, respectively. K is 
the transmission probability, and S is the reaction probability. The Knudsen transport 
mechanism of the etchant fluxes in a trench is shown in Figure 4.1.  
 
Figure 4.1 Diagram showing Knudsen transport in an etch trench. 
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The ratio of the ER at the bottom of a feature of depth z, 𝑅(𝑧), compared to the ER at the top 
of the feature, 𝑅(0), can be expressed as  
𝑅(𝑧)
𝑅(0)
=
𝑣𝑏
𝑣𝑡
=
𝐾
𝐾 + 𝑆 − 𝐾𝑆
 (4.22) 
The initial flux density entered at the top of TSV profile is the initial condition. The “free 
molecular flow” model subsequently computes the particle angular distribution induced by 
the sidewall scattering to obtain the incoming flux density at any surface location. 
Consequently, the surface reaction velocity of silicon at a given surface location can be 
calculated, if the yields of different etching mechanisms are given. 
  The second step of the simulation model utilizes the surface removal velocity obtained 
from the previous step to predict the etch profile at the next moment. In this step, a “deformed 
geometry” model is used to calculate the time-dependent etch profile. Once an etch profile is 
obtained, surface distribution of radical flux density needs to be calculated again, which 
predicts a new etched profile at the next moment. Therefore, a final etch profile at a given 
time can be modeled by repeating these two calculation steps. All simulation is performed 
using the two-dimension (2-D) model as a function of total etching time. It is important to 
point out that the 2-D geometry used in this study will represent an infinite long trench 
geometry if it is extended to 3-D, which is different from a cylindrically symmetric geometry 
of a TSV profile. However, the diffuse scattering mechanism of the incoming flux at any 
surface location will result in a uniform flux distribution at all surface. Therefore, the 
difference between these two different 3-D geometries is negligible in for a free molecular 
flow.   
 
4.3.1 Free molecular flow model for plasma species 
  For neutral species such as F atoms and CF2 molecules in this study, diffuse scattering 
and emission is assumed at all surfaces in the geometry. The fluxes are computed by 
integrating the flux arriving at a surface from all other surfaces in its line-of-sight. The loss of 
the flux is mainly by surface reaction when neutrals stick onto the surface. The solution in the 
free molecular flow model is available on any location on the surface. This method is valid 
for quasi-static flows in which the fluxes change on time scales are large compared to the 
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average time that the molecules take to traverse the geometry. In this study, each of the neutral 
plasma species considered is treated as an individual free molecular flow with different 
sticking coefficients.  
  The free molecular flow model is also valid for ions if the sticking coefficient is 
assumed to be 1, due to the fact that ions lose their charges upon bombardment on the surface.  
The roles of a neutral flow and an ion flow are distinct in several aspects, such as the initial 
angular distribution and the reflectivity from the surfaces. However, the ions and neutral 
fluxes interact in the ion-enhanced etching.  
  The flux in this model is calculated as the following: as shown in Figure 4.2, the total 
emission rate per unit area at dl′ is assumed to be Γ′. In steady state Γ′ is independent of time 
so that molecules arriving at dl leave dl′ at a time t − v/r. In the two-dimensional (2D) model 
in this study, the flux of molecules with speeds between v′ and v′ + dv′ leaving dl′ with angles 
between θ′ and θ′ + dθ′ is 
 𝛤′𝑑𝑙′𝑓(𝜃′)𝑑𝜃′𝑓(𝑣′)𝑑𝑣 (4.23) 
where 𝑓(𝜃′) and 𝑓(𝑣′) are the angular and speed distribution functions. Molecules leaving 
dl′ at angles between θ′ and θ′ + dθ′ is spread over an area of rdθ′ in the plane with normal 
parallel to r when they arrive at dl. This plane is in turn projected onto an area 𝑟𝑑𝜃′/𝑐𝑜𝑠𝜃 on 
the surface at dl. The total flux arriving at dl is therefore given by 
 𝐼𝑛𝑐𝑜𝑚𝑖𝑛𝑔 𝐹𝑙𝑢𝑥 = ∫
𝛤′ cos 𝜃 𝑓(𝜃′)
𝑟
𝑑𝑙′
𝑙
∫ 𝑓(𝑣′)𝑑𝑣
∞
0
= ∫
𝛤′ cos 𝜃 𝑓(𝜃′)
𝑟
𝑑𝑙′
𝑙
 (4.24) 
where the integral is over the path l′ in the line of sight of dl. 
 
Figure 4.2 Diagram showing the contribution of the flux arriving at dl from point dl′ in 2D. 
 
If the sticking probability is denoted by s, the flux balance at dl can be written as 
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 (1 − 𝑠)∫
𝛤′ cos 𝜃 𝑓(𝜃′)
𝑟
𝑑𝑙′
𝑙
= ∫ 𝛤𝑓(𝜃)𝑑𝜃
𝜃
 (4.25) 
The value of s depends on flux type and surface properties. The free molecular flow model in 
COMSOL calculates the flux of each species at all locations in the geometry until a balance is 
reached everywhere. The resulting surface distribution profile represents the calculated flux at 
all surface locations. 
 
4.3.2 Considerations for ion sputtering of polymer 
  In this study, the TSV wafers are biased at a frequency of 400 kHz, which is 
significantly lower compared to the TCP power frequency (13.56 MHz). In this case, ions 
from the plasma will arrive at the wafer in pulses with different energies, depending on the 
phase of the RF bias at which they enter and leave the plasma sheath. If the change of sheath 
drop can be ignored during the period ions travel through it, the ion energy distribution can be 
characterized by [105]  
 𝑓(𝐸) =
2𝜀𝑒𝐸/𝑇𝑒/(2𝜀𝑒𝐸/𝑇𝑒 − 1)
𝜋√(𝑉/𝑇𝑒)2 − [ln(2𝜀𝑒𝐸/𝑇𝑒 − 1)]2
 (4.26) 
where 𝑉 is the bias voltage, 𝑇𝑒 is the electron temperature in volts, and 𝜀 is  
 𝜀 = √
3𝜋𝑚𝑒𝑇𝑖
2𝑀𝑇𝑒
 (4.27) 
where 𝑚𝑒  and M are the mass of electron and ion, respectively, and 𝑇𝑖  is the ion 
temperature. The shape of 𝑓(𝐸) can be described as “bi-modal”, meaning it has a high 
energy peak and a low energy peak with a valley in between, the minimum and maximum 
energies of the IED are 
 𝐸𝑚𝑖𝑛 = 𝑇𝑒 ln (
1
2𝜀
) , 𝐸𝑚𝑎𝑥 = 𝑇𝑒 ln (
1 + 𝑒𝑉/𝑇𝑒
2𝜀
) (4.28) 
An example of IED of the SF3
+ ions calculated by equation (4.26) is shown in Figure 4.3. At 
a bias voltage of 100 V, the resulting 𝐸𝑚𝑖𝑛 and 𝐸𝑚𝑎𝑥 are 30.7 eV and 130.7 eV, respectively. 
It is necessary to point out that the energy spread will be narrower if the ion transit time is 
considered. 
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Figure 4.3 Calculated bi-modal IED of 𝐒𝐅𝟑
+
 ions at a RF frequency of 400 kHz. 
 
  At any location in the etch profile, the sputtering rate of the polymer film is the 
integral of the sputtering yield of the ion flux of all energies from all angles visible by this 
location 
 𝑆𝑝𝑢𝑡𝑡𝑒𝑟𝑖𝑛𝑔 𝑅𝑎𝑡𝑒 = ∫ ∫ 𝛤(𝐸, 𝜃)𝑌(𝐸, 𝜃)𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛
𝑑𝐸
𝐸𝑚𝑎𝑥
𝐸𝑚𝑖𝑛
 (4.29) 
where 𝛤(𝐸, 𝜃) is the ion flux at an energy of E incident at an angle of 𝜃. The values of 
𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 vary at different locations in the geometry. In the simulation model this 
study, the origin of the coordinates is defined as the bottom right point of the mask on the left, 
as shown in Figure 4.4. It is noted the y axis is defined as the opposite of the direction at 
which etching will take place. The normal direction n at any surface element is pointed out 
from the surface, defined by two normalized vectors (𝑛𝑥, 𝑛𝑦). Figure 4.4 shows the case of 
𝑛𝑥 < 0  and 𝑛𝑦 < 0  for the surface element. The angle denoted by 𝜃1  is therefore 
representing the normal direction of the surface  
 𝜃1 = cos
−1(−𝑛𝑥) (4.30) 
It is noted that angle defined by function 𝑐𝑜𝑠−1 is in the range of (0, 𝜋). 𝜃2 and 𝜃4 are 
defined as the angles from the lines jointed by the corners of left mask and the point under 
consideration to the –x direction. Similarly, 𝜃3 and 𝜃5 are the angles from the lines jointed 
by the corners of right mask and the point under consideration to the x direction.  
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 𝜃2 = tan
−1 (
ℎ − 𝑦
𝑥
) , 𝑓𝑜𝑟 𝑥 > 0 (4.31) 
 
𝜃3 = tan
−1 (
ℎ − 𝑦
𝑤 − 𝑥
) , 𝑓𝑜𝑟 𝑥 < 𝑤 
(4.32) 
 𝜃4 = tan
−1 (
−𝑦
𝑥
) , 𝑓𝑜𝑟 𝑥 > 0 (4.33) 
 𝜃5 = tan
−1 (
−𝑦
𝑤 − 𝑥
) , 𝑓𝑜𝑟 𝑥 < 𝑤 (4.34) 
Note that angle defined by function 𝑡𝑎𝑛−1 is in the range of (−𝜋/2, 𝜋/2). 
Consequently, the 𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 in this case can be expressed as 
 𝜃𝑚𝑖𝑛 = 𝜃1 + 𝜃2 − 𝜋/2 (4.35) 
 𝜃𝑚𝑎𝑥 = 𝜃1 − 𝜃3 + 𝜋/2 (4.36) 
 
Figure 4.4 Definition of geometry and expression of a surface element in the etching model. 
 
  Other possible situations of orientations of a surface element when its normal vector n 
is in other quadrants of the coordinates are shown in Figure 4.5. The value of 𝜃1 is defined in 
this model as the following  
 𝜃1 = {
cos−1(−𝑛𝑥) ,   𝑖𝑓 𝑛𝑦 < 0
− cos−1(−𝑛𝑥) ,   𝑖𝑓 𝑛𝑦 > 0 𝑎𝑛𝑑 𝑛𝑥 < 0 
𝜋 + cos−1(−𝑛𝑥) ,   𝑖𝑓 𝑛𝑦 > 0 𝑎𝑛𝑑 𝑛𝑥 > 0
 (4.37) 
so that the expressions for 𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 remains the same as in equations (4.34) and 
(4.35). However, the values of 𝜃𝑚𝑖𝑛  and 𝜃𝑚𝑎𝑥  go to 0 and 𝜋  when incident flux is 
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shadowed by the surface, thus equations (4.34) and (4.35) can be modified as  
 𝜃𝑚𝑖𝑛 = max  [𝜃1 + 𝜃2 − 𝜋/2, 0] (4.38) 
 𝜃𝑚𝑎𝑥 = min  [𝜃1 − 𝜃3 + 𝜋/2, 𝜋] (4.39) 
 
 
Figure 4.5 Angle definition of 𝜽𝟏 for different surface orientations. 
 
  Similar considerations need to be carried out for angles used in the etch geometry 
other than 𝜃1. These cases are shown in Figure 4.6 and Figure 4.7. Figure 4.6 shows the 
situation when the flux is partially shadowed by the mask. In the case of the value of 𝜃2, 𝜃3, 
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𝜃4, or 𝜃5 larger than 𝜋/2, they are redefined as  
 𝜃2 = 𝜋 + tan
−1 (
ℎ − 𝑦
𝑥
) , 𝑓𝑜𝑟 𝑥 < 0 (4.40) 
 
𝜃3 = 𝜋 + tan
−1 (
ℎ − 𝑦
𝑤 − 𝑥
) , 𝑓𝑜𝑟 𝑥 > 𝑤 
(4.41) 
 𝜃4 = 𝜋 + tan
−1 (
−𝑦
𝑥
) , 𝑓𝑜𝑟 𝑥 < 0 (4.42) 
 𝜃5 = 𝜋 + tan
−1 (
−𝑦
𝑤 − 𝑥
) , 𝑓𝑜𝑟 𝑥 > 𝑤 (4.43) 
Equations (4.40) ~ (4.43) together with (4.31) ~ (4.34) complete the definitions for 𝜃2 ~ 𝜃5. 
Therefore,  
 𝜃𝑚𝑖𝑛 = max  [𝜃1 + 𝜃2 − 𝜋/2, 𝜃1 + 𝜃4 − 𝜋/2, 0] (4.44) 
 𝜃𝑚𝑎𝑥 = min  [𝜃1 − 𝜃3 + 𝜋/2, 𝜃1 − 𝜃5 + 𝜋/2, 𝜋] (4.45) 
 
Figure 4.6 Geometry diagrams for locations where flux is partially shadowed by the mask. 
 
  Figure 4.7 shows the case when the flux is fully shadowed by the mask. No direct flux 
from the exterior of the structure can reach to these locations, thus the integrated sputtering 
yield should be zero in equation (4.29), or 𝜃𝑚𝑎𝑥 = 𝜃𝑚𝑖𝑛. As a matter of fact, this is the 
situation when max [𝜃1 + 𝜃2 − 𝜋/2, 𝜃1 + 𝜃4 − 𝜋/2, 0] ≥ min [𝜃1 − 𝜃3 + 𝜋/2, 𝜃1 − 𝜃5 +
𝜋/2, 𝜋]. As a result, the final expressions for 𝜃𝑚𝑖𝑛 and 𝜃𝑚𝑎𝑥 can be written as 
 
𝜃𝑚𝑖𝑛 = min  {max  [𝜃1 + 𝜃2 − 𝜋/2, 𝜃1 + 𝜃4 − 𝜋/2, 0] ,min  [𝜃1 − 𝜃3
+ 𝜋/2, 𝜃1 − 𝜃5 + 𝜋/2, 𝜋]} 
(4.46) 
 𝜃𝑚𝑎𝑥 = min  [𝜃1 − 𝜃3 + 𝜋/2, 𝜃1 − 𝜃5 + 𝜋/2, 𝜋] (4.47) 
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Figure 4.7 Geometry diagrams for locations where flux is fully shadowed by the mask. 
   
  The angular distribution of ion flux is assumed by a Gaussian distribution function 
 𝛤(𝜃′) = 𝛤(𝜃′ = 𝜋/2)
1
𝜎√2𝜋
𝑒𝑥𝑝 [−
(𝜃′ − 𝜋/2)2
2𝜎2
] (4.48) 
where 𝜃′ is the angle with respect to horizontal axis. The total ion flux arrived at any 
location in the geometry can be calculated using equation (4.24) 
 
𝑖𝑜𝑛 𝑓𝑙𝑢𝑥 = ∫
𝛤(𝜃′ = 𝜋/2)
1
𝜎√2𝜋
𝑒𝑥𝑝 [−
(𝜃′ − 𝜋/2)2
2𝜎2
] cos(𝜋/2 − 𝜃)
cos(𝜃′ − 𝜋/2)
𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛
 
(4.49) 
with 
 𝑑𝑙′ = |
𝑟𝑑(𝜋/2 − 𝜃)
cos(𝜋/2 − 𝜃′)
| (4.50) 
Note that the definitions of 𝜃 and 𝜃′ here are different from Figure 4.2 in order to be 
consistent with Figure 4.4 ~ Figure 4.7. Similar considerations can be carried out for 𝜃′ for 
cases in Figure 4.4 ~ Figure 4.7, and 𝜃′ can be expressed in terms of 𝜃 as 
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 |𝜃′ − 𝜋/2| = |𝜃 − 𝜃1| (4.51) 
The total ion flux is therefore 
 𝛤𝑖𝑜𝑛 = ∫
𝛤(𝜃′ = 𝜋/2)
1
𝜎√2𝜋
𝑒𝑥𝑝 [−
(𝜃 − 𝜃1)
2
2𝜎2
] 𝑐𝑜𝑠(𝜋/2 − 𝜃)
𝑐𝑜𝑠(𝜃 − 𝜃1)
𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛
 
(4.52) 
It is important to point out that the ion flux expression in equation (4.52) does not include the 
energy dependence yet. Ion energy incident at different energies may have different initial 
angular distributions, denoted by deviation 𝜎, and different initial vertical flux, 𝛤(𝜃′ =
𝜋/2) = 𝛤0. However, the angular dependence does not change for different energies. As a 
result, the total ion flux accounted for the effects of ion energies can be written as 
 
𝛤𝑖𝑜𝑛 = ∫𝑑𝐸∫
𝛤0(𝐸)
1
𝜎(𝐸)√2𝜋
𝑒𝑥𝑝 [−
(𝜃 − 𝜃1)
2
2𝜎2(𝐸)
] cos(𝜋/2 − 𝜃)
cos(𝜃 − 𝜃1)
𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛
 
(4.53) 
 
4.3.3 Deformed geometry model 
  The deformed geometry model in COMSOL is combined with surface reaction 
chemistry in this study to predict etch profile evolution at different time steps. Deformation of 
the geometry boundaries corresponds to removal of silicon in the simulation models. In the 
deformed geometry model the material being etched does not follow a perturbation of the 
profile, and the gas feedstock is added so as to always fill the current profile of the domain. 
This model does not consider the compression or expansion effect, which can be introduced 
explicitly into the equations. 
  The key of the deformed geometry model is to move the mesh grids as the geometry 
deforms. In the domains with free displacement, the deformed geometry model solves an 
equation for the mesh moving. This equation smoothly deforms the mesh given the removal 
rate on the boundaries. The smoothing method used in COMSOL for the purposes of this 
study is the Laplace smoothing. COMSOL introduces deformed mesh positions x and y as the 
spatial coordinates of the spatial frame, and X and Y the reference coordinates of the material 
frame, for the static case, the model solves the equation set 
 
𝜕2𝑥
𝜕𝑋2
+
𝜕2𝑥
𝜕𝑌2
= 0 (4.54) 
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𝜕2𝑦
𝜕𝑋2
+
𝜕2𝑦
𝜕𝑌2
= 0 (4.55) 
  The static deformed geometry model is valid if the time of the species reaching 
balance on the surface is significantly smaller than the time step for mesh moving. This is true 
for the cases in this study, since the velocity of species at a low pressure is much larger than 
the etch rate (velocity of mesh moving).  
  The deformation velocity at any location in the geometry is defined as the material 
removal rate in the deformed geometry model. The deformation velocity eventually 
determines the etch rate of the substrate materials and the profile shape. It is certain that the 
deposition of polymers will move the surface back in the opposite direction of the 
deformation made by etching. However, since the deposition rate of the polymer in a C4F8 
plasma is on the order of 10 nm/min [95], the geometry adjustment caused by the polymer 
deposition is not explicitly integrated in this model. Instead, polymer deposition is taken into 
consideration by the fluxes of the deposition ions and neutrals, which are mapped onto the 
mesh and treated as parameters of the deposited polymer thickness at all locations on the 
surface. This will be further explained in later sections in simulation models of the Bosch 
process and the single step etching.  
  The flow chart of the etch profile evolution at a time step t is shown in Figure 4.8. The 
simulation starts with a computation for flux distributions of all ions and neutrals on profile 
surface. The ions are assumed to be originated from the entrance of the mask with a Gaussian 
distribution, as shown in equation (4.48). The neutrals are assumed to enter the opening of the 
mask with the “reservoir” boundary condition in COMSOL, which is valid when a boundary 
represents a stationary opening to a large adjacent region filled with gas at a specified number 
density or pressure. The effusing neutral fluxes therefore obey Knudsen’s law. The surface 
flux chemistry includes the sticking and reflecting mechanisms from the surface. When the 
sticking and reflecting species at each surface element is converged, the simulation proceeds 
to the deformed geometry model to determine the surface evolution using assumed surface 
mechanism. The surface mechanism is the integrated effect of all etching and polymer 
deposition processes, which will be specified for each simulation model in the following 
section. It is noted that the mesh may need to be redefined as the profile evolves in order to 
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make sure the simulation results are converged at all mesh nodes. Simulation results of all 
time steps are recorded in COMSOL in a complex matrix together with the geometry and 
mesh information. 
 
 
Figure 4.8 Flow chart of the profile simulation model. 
 
4.4 Profile Simulation for Silicon Etching 
4.4.1 SF6 Isotropic Etching 
  The main purpose of the simulation study on SF6 isotropic etching of silicon is to 
validate the fluxes and surface mechanisms assumed in the simulation model, comparing with 
experimental results. A typical TSV profile etched by a pure SF6 plasma is shown as Figure 
4.9. The parameters of the SF6 plasma are listed in Table 4.2. 
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Table 4.2 Parameters of a typical SF6 plasma for Si etching 
TCP Power (W) Bias (V) Pressure (mTorr) SF6 Flow (sccm) 
Substrate 
Temperature (ºC) 
Etching 
Time (s) 
3000 100 160 700 0 210 
  
 
Figure 4.9 Silicon etched by a pure SF6 plasma with etching parameters listed in Table 4.2 (mask 
thickness 𝒉 = 𝟓 𝝁𝒎, mask opening width 𝒘 = 𝟖 𝝁𝒎). 
 
  In order to simulate the profile shown in Figure 4.9, two flows are considered in this 
model: a neutral fluorine flux with a sticking coefficient of s and a SF3
+ ion flux with a 
sticking coefficient of 1. The silicon etching rate induced by F atoms is assumed by the 
thermal reaction in equation (4.1), modified by the sticking coefficient s 
 𝐸𝑅𝑡ℎ = 𝑘0𝑒𝑥𝑝 (−
𝐸𝑎
𝑘𝑇
)𝛤𝐹 × 𝑠 (4.56) 
It is proposed that the value of s is expected to be significant (of the order of 0.2) in some 
studies [101]. In the low-energy regime, it has been shown in Table 4.1 that the sputtering 
yield of Si is only 0.0029 atom/ion, the sputtering effect of Si can therefore be ignored in this 
study. The ion-enhanced etching is expressed by equation (4.4) 
 𝐸𝑅𝑖𝑒 = 𝑌𝑖𝑒𝛩𝐹𝛤𝑖𝑜𝑛 (4.57) 
𝛤𝑖𝑜𝑛 is calculated by equation (4.53). 𝑌𝑖𝑒 is a function of 𝛤𝐹/𝛤𝑖𝑜𝑛 and ion energy. In typical 
ICP chambers, the neutral flux is much larger than the ion flux, thus 𝑌𝑖𝑒 in this study can be 
obtained from [88] with a modification coefficient accounted for the difference of SF3
+ and 
Ar+, at the condition 𝛤𝐹 ≫ 𝛤𝑖𝑜𝑛. 
  To demonstrate the effects of the F atom flux and the SF3
+ ion flux on the overall etch 
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profile, the etched profiles obtained by a pure F flux and a pure SF3
+ flux are simulated 
separately, as shown in Figure 4.10. It is clear from these simulation results that the undercut 
(lateral etching underneath the mask) of the etched profile is caused by the thermal etching of 
the neutral F atoms, and the bowing (widest CD of the etched profile) is caused by the 
ion-enhanced etching. It is important to point out that although the actual etch profile has the 
contributions from both the neutral and ion fluxes, yet it is not the simple composition of the 
two individual profiles etched by F atoms and SF3
+ ions. This is because neutral or ion flux 
arriving at any surface depends on the shape of the overall profile. However, since the 
undercut cannot be caused from ion flux, the contribution of neutral F flux can be determined 
first in the simulation model by matching the undercut of the experimental profile. The 
appropriate ion flux and ion angular distribution can then be determined by matching the etch 
depth and bowing of the overall experimental profile, respectively. These results are shown in 
Figure 4.11.  
 
Figure 4.10 Simulation profile of thermal etching by (a) neutral F flux (𝜞𝑭 = 𝟓. 𝟓 × 𝟏𝟎
𝟐𝟒 
m
-2
s
-1
, 𝒔 = 𝟎. 𝟐𝟎) and (b) ion-enhanced etching by 𝐒𝐅𝟑
+ ions (𝜞𝟎 = 𝟐. 𝟎 × 𝟏𝟎
𝟐𝟐 m
-2
s
-1
). The color 
scale indicates the number density.  
 
(a)  
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Figure 4.10 (cont.) Simulation profile of thermal etching by (a) neutral F flux (𝜞𝑭 = 𝟓. 𝟓 × 𝟏𝟎
𝟐𝟒 
m
-2
s
-1
, 𝒔 = 𝟎. 𝟐𝟎) and (b) ion-enhanced etching by 𝐒𝐅𝟑
+ ions (𝜞𝟎 = 𝟐. 𝟎 × 𝟏𝟎
𝟐𝟐 m
-2
s
-1
). The color 
scale indicates the number density.  
 
 
Figure 4.11 Comparison of etch profile from simulation model and the experimental profile. The 
best match is obtained when 𝐒𝐅𝟑
+ ion (𝑬 = 𝟏𝟑𝟎 𝒆𝑽, 𝒀𝒊𝒆 = 𝟗. 𝟕) flux 𝜞𝟎 = 𝟐. 𝟏𝟒 × 𝟏𝟎
𝟐𝟐 m
-2
s
-1
 
and angular spread 𝝈 = 𝐭𝐚𝐧−𝟏(𝟖/𝟓), and neutral F etching (𝜞𝑭 = 𝟏. 𝟑𝟔 × 𝟏𝟎
𝟐𝟓 m
-2
s
-1
, 𝒔 = 𝟎. 𝟐𝟒).  
 
  There are several important observations from Figure 4.11. Firstly, the best match 
occurs when the ratio of neutral F to SF3
+ ions is around 600. This validates the previous 
assumption that the neutral F flux is much larger than the SF3
+ ion flux. Secondly, the half 
width of ion angular distribution, i.e. angular spread, is 𝜎 = tan−1(8/5) ≈ 58.0°. The 
bowing of the experimental etch profile is in line with the shadow of the mask. This indicates 
(b)  
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that there may be ions entering at even larger incident angles which are blocked by the mask. 
In fact, if the ion energy before entering the sheath 𝐸𝑖𝑜𝑛,𝑝 is assumed to be 0.2 eV, and ion 
bombardment energy onto the surface 𝐸𝑖𝑜𝑛,𝑠 is 130 eV (at a bias voltage of 100 V), the 
angular spread can be calculated as  
 𝜎𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 = tan
−1 (
√𝐸𝑖𝑜𝑛,𝑝
√𝐸𝑖𝑜𝑛,𝑠 −√𝐸𝑖𝑜𝑛,𝑝
) (4.58) 
which is expected to be 2.3º in this case. The discrepancy between the calculated angular 
spread of the IED and experimental data may result from the following reason(s): Diffuse ion 
reflection by the sidewalls of the mask. This can be quickly excluded because it has been 
known in previous sections that in the low energy regime, most ions will stick onto the mask 
surface and diffuse into the bulk materials, and the reflected and reemission ions will 
probably lose most of its energy in interactions with the bulk lattices. This can be verified by 
the fact that the experimental profile does not show larger bowing in the area shadowed by the 
mask. Another possible reason is originated in the sheath fluctuation due to bias pulsing. It 
has been calculated in Figure 4.3 that for a pulsed bias with a maximum voltage of 100 V will 
result in an aggregate low-energy peak at around 30 eV. However, the resulting angular spread 
of the ion angular distribution by equation (4.58) is only 5.1º, which is still much smaller than 
the observed ion angular spread in the experimental etch profile. Therefore, the only possible 
reason is that a large part of ions are actually produced in the near-surface sheath due to 
neutral collisions, since the mean free path of particles at this pressure is smaller than the size 
of the sheath. These ions will consequently have lower energy and larger angular spread due 
to shorter sheath acceleration time. A small part of high-energy ions with small angular 
distribution from the bulk plasma will preferably bombard the bottom of the etch profile. 
These ions have large 𝑌𝑖𝑒  and may account for the sharp shape at the bottom of the 
experimental profile.  
  A good match of the experimental etch profile is calculated by the simulation model 
by taking account the effect of a high-energy and a low-energy ion flux, in addition to the 
neutral F atom flux, as shown in Figure 4.12. It can be seen that the high-energy ion flux is 
less than 1/20 of low-energy ion flux. 
85 
 
 
Figure 4.12 Simulation profile realized by assuming a high-energy 𝐒𝐅𝟑
+ ion flux (𝒀𝒊𝒆 = 𝟗. 𝟕, 
𝜞𝟎 = 𝟏. 𝟎𝟒 × 𝟏𝟎
𝟐𝟎  m
-2
s
-1
, 𝝈 = 𝟔°), a low-energy 𝐒𝐅𝟑
+  ion flux (𝒀𝒊𝒆 = 𝟓. 𝟎 , 𝜞𝟎 = 𝟑. 𝟎 × 𝟏𝟎
𝟐𝟏 
m
-2
s
-1
, 𝝈 = 𝐚𝐭𝐚𝐧(𝟖/𝟓) ≈ 𝟓𝟖°), and neutral F atom flux (𝜞𝑭 = 𝟏. 𝟑𝟔 × 𝟏𝟎
𝟐𝟓 m
-2
s
-1
, 𝒔 = 𝟎. 𝟐𝟒) for 
210 s. Experimental profile is compared on the right. 
 
  Lastly, the electromagnetic field in the isotropic etch profile is calculated using the 
electrostatics module in COMSOL and is shown in Figure 4.13. The purpose of this 
simulation is to investigate the significance of the interactions between charged particles and 
the electromagnetic field in the etch profile. It can be seen that the electric field in the etch 
profile is weaker than that outside the etch profile and the field lines follows the normal 
directions of all surfaces. Therefore, the interactions of the ions and the electric field in the 
etch profile is insufficient to cause significant ion orbit deflection. This assumption will be 
applied to all the simulation models in this study.   
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Figure 4.13 Electric field (V/m) of the simulation model in an etch profile (Si etched by F atoms). 
 
4.4.2 Bosch process 
  The Bosch process performed for the TSV etching in this study consists of alternating 
SF6 etching phases and C4F8 passivation phases. In a SF6 etching phase, the overall etching 
process can be considered as a sequence of a polymer sputtering phase and a Si etching phase. 
The considerations of polymer sputtering yield at any surface in the geometry have been 
introduced in section 4.3.2. In this study, a surface reaction model is integrated in COMSOL 
to calculate the removal rate of the polymer films during a given process time of the Si 
etching phase. The governing equation for the surface concentration 𝑐𝑠 is written as: 
 
𝜕𝑐𝑠
𝜕𝑡
= ∇ ∙ (−𝐷∇𝑐𝑠) + 𝑅𝑠 (4.59) 
where D is the surface diffusion coefficient, 𝑅𝑠 (mol/(m
2
·s)) is the surface reaction rate, 
which is the sum of surface reactions and adsorption/desorption mechanisms of all sources. In 
the Bosch process using C4F8 in the passivation phase, the deposited polymer film is normally 
a Teflon-like layer formed by CF2 monomers. The sputtered monomers are therefore assumed 
to be CF2 in the Bosch process simulation model. In this study, the sputtering ions taken into 
account in the polymer removal are the SF3
+ ions. As a result, the surface sputtering rate of 
polymer monomer CF2 can be expressed as  
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 𝑅𝑠 = −
1
𝑁𝑎
∑ ∫ Γ𝑆𝐹3+(𝐸𝑖𝑜𝑛 , 𝜃)𝑌(𝐸𝑖𝑜𝑛, 𝜃)𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛𝐸𝑖𝑜𝑛
 (4.60) 
where 𝑁𝑎 is the Avogadro constant. If the density of the polymer film deposited by C4F8 
plasma is assumed to be the same as that of Teflon (2.65×1022 CF2/cm
3
), and the surface 
binding energy is the same as that of a C-C bond (7.41 eV), the empirical parameters 𝑓 and 
𝜃𝑜𝑝𝑡 in equations (4.18) and (4.19) can be calculated as 
 𝑓 = √𝑈𝑆𝐵 (0.94 − 1.33 × 10
−3
𝑀2
𝑀1
) = 2.56 (4.61) 
 𝜃𝑜𝑝𝑡 = 90° − 286°
[
 
 
 
 
(𝑎𝑛𝑡
1/3
)
3/2
√
𝑍1𝑍2
(𝑍1
2/3
+ 𝑍2
2/3
)
1/2
𝐸
]
 
 
 
 
0.45
= 57.2° (4.62) 
for ion energy 𝐸 = 100 eV. In our simulation for the Bosch process, it is assumed that Si 
etching can take place at surface locations where the polymer film is completely removed, or 
 𝑐𝑠 < 0 (4.63) 
The methodology for simulating the Si etching by SF6 is the same as the isotropic etching 
described in the previous section. For an effective Bosch process, the sidewall of the etch 
profile should be covered by the polymer film at all time to prevent lateral etching. This 
means the thickness of the polymer film on the sidewalls does not affect the etch profile if the  
condition 𝑐𝑠(𝑠𝑖𝑑𝑒𝑤𝑎𝑙𝑙) > 0 is satisfied at all sidewall locations. Therefore, the thickness of 
the polymer film can be treated as uniform at any geometry surface at the end of a passivation 
phase, and can be estimated the polymer deposited at the bottom of the profile. In this study, 
the the major depositing ions are the CF3
+ ions (𝐾CF3+ = 1) for the Bosch process, and the 
surface concentration of the polymer film (mol/m
2
) deposited at the end of a passivation phase 
is     
 𝑐𝑠(0) =
1
𝑁𝑎
𝐾𝐶𝐹3+𝛤𝐶𝐹3+𝑡𝑝 =
1
𝑁𝑎
𝛤𝐶𝐹3+𝑡𝑝 (4.64) 
where 𝑡𝑝 is the duration of the passivation phase. It is noticed that the D in equation (4.59) is 
the tangential flux along the surface direction, which is assumed to be 0 for CF3
+ ions. 
Therefore, the condition for the etching to occur at any surface location is  
 𝑅𝑠𝑡𝑒 > 𝑐𝑠(0) (4.65) 
where 𝑡𝑒 is the duration of the etching phase. In this simulation model, a loop of alternating 
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etching and passivation phases is established as a function of time to predict the etch profile at 
a given time. An example etch profile calculated by this simulation model using the 
parameters in Table 4.3 is shown in Figure 4.14. 
 
Table 4.3 List of parameters in one etching/passivation cycle used in the model (0 ˚C) 
C4F8 Passivation Phase SF6 Etching Phase 
 Γ (m-2s-1) K𝑖𝑜𝑛 t𝑝 (s)  Γ (m
-2
s
-1
) E (eV) Y𝑖𝑒  σ (°) s t𝑒 (s) 
CF3
+ 1.2×1021 1 0.5 
SF3
+ 1.0×1021 200 15 3 1 
0.7 SF3
+ 1.5×1021 30 5 58 1 
F 1.77×1023 N/A N/A N/A 0.24 
 
 
Figure 4.14 Etch profile of the simulation model etched by a Bosch process shown in Table 4.3 for 
a total process time of 240 s (color scale indicates (a) total ion flux and (b) neutral F flux on etch 
surface, respectively).  
 
(a)  
(b)  
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  Simulation result in Figure 4.14 shows that an anisotropic profile can be achieved 
using the Bosch process in Table 4.3. In this process, a neutral F flux, a high-energy ion flux, 
and a low-energy ion flux have been taken into account in the etching phase. High energy 
ions are important in etching in the polymer sputtering process. Two important phenomena 
can be seen from the ion flux and neutral flux distributions on the surface of the etch profile: 
First of all, total ion flux is larger on the sidewalls at the top and at the bottom of the etch 
profile than everywhere else. The high ion flux at the top sidewalls is due to the low-energy 
ions with large angular spread σ. The high ion flux at the bottom is because of the high 
line-of-sight low-energy and high-energy ion fluxes from the mask opening. Second of all, the 
neutral F flux on the sidewalls is generally decreasing as the aspect ratio increases, and the F 
flux at the bottom is only slightly larger than the F flux at the nearby sidewall locations. This 
is due to the angular spread of the neutral flux is much larger that of high-energy ions. It can 
be seen that the critical dimension (CD) of the etch profile is generally decreasing as the 
etched depth increases, which is exactly the aspect-ratio dependent etching (ARDE). It is 
clear from the simulation results that the cause for the ARDE is the decrease of the neutral/ion 
fluxes when aspect ratio is increased.  
  One of the most characteristic phenomenon of the etch profiles etched by a Bosch 
process is the scallop-shaped sidewalls. A detailed graph showing the sidewalls underneath 
the mask of the etch profile in Figure 4.14 is shown again in Figure 4.15. It can be that the 
sidewalls can be divided into two sections with respect to smoothness. Etch profile formed 
after the first few etching/passivation circles (0 ~ 2 μm) is characterized by scallops, but the 
rest of the sidewalls is relatively smooth and scallops cannot be clearly seen. The reason for 
this behavior is that the high ion flux at the top of the etch profile quickly removes the 
polymer layer and induces lateral etching but the polymer removal process becomes slower as 
etch depth increases due to insufficient ion bombardment. For the lower part of the etch 
profile, the ion flux distribution can be used to investigate the morphology of the sidewalls. 
As it is shown in Figure 4.15, the ion flux is not continuously increased or decreased along 
the etch direction, instead, it increases and decreases in cycles. A cycle can be roughly 
characterized by a high ion flux section connected between two low ion flux data points. 
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Within the same cycle, normal directions of surfaces with lower ion fluxes have larger angles 
with respect to the + y axis and vice versa. Therefore, these cycles are indeed an indicator of 
the scallop-shaped profile in Figure 4.15.  
 
Figure 4.15 A detailed graph showing the sidewalls of the etch profile underneath the mask (color 
scale indicates the total ion flux on Si surface). 
 
  In order to clearly observe the scalloped-shape etch profile, simulation of a Bosch 
process using longer etching and passivation durations has been performed. The parameters of 
this process are listed in Table 4.4 and the resulting etch profile is shown in Figure 4.16. The 
thickness of the polymer film is increased accordingly in this simulation, which is set to be 
proportional to the deposition time t𝑒 for this simulation. There are two major differences in 
the etch profile in Figure 4.16 compared to Figure 4.15. First of all, the initial bowing 
underneath the mask is larger in Figure 4.16, i.e. for a longer etching/passivation cycle; 
second of all, the scallops on the sidewalls are clearly visible in Figure 4.16. Both of these 
observations are related to the longer etching time which induces more isotropic etching in an 
etching/passivation cycle after it clears out the polymer layer. It is also noticed that the etch 
depth is almost the same produced by the processes listed in and Table 4.3 and Table 4.4. This 
is because the etch depth is determined by the total ion and neutral fluxes in the vertical 
direction when the total polymer thickness is a constant.  
  It is important to point out that there are at least two assumptions made in the 
simulation model for the thickness of the polymer deposition can disagree with experimental 
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studies: (1) The polymer thickness may not be proportional to the total deposition time. It is 
known that the polymer chain formed by CFx monomers may reach to a saturation thickness 
when the polymer is too thick. (2) The thickness of the polymer film may not be proportional 
to the total CFx flux arrived at the surface. This is because different morphology can be 
formed at the bottom and at the sidewalls of the etch profile, thus the thickness is depending 
on the level of porosity in the films [95].  
  
Table 4.4 List of parameters in one etching/passivation cycle used in the model (0 ˚C) 
C4F8 Passivation Phase SF6 Etching Phase 
 Γ (m-2s-1) K𝑖𝑜𝑛 t𝑝 (s)  Γ (m
-2
s
-1
) E (eV) Y𝑖𝑒  σ (°) s t𝑒 (s) 
CF3
+ 1.2×1021 1 1.5 
SF3
+ 1.0×1021 200 15 3 1 
2.1 SF3
+ 1.5×1021 30 5 58 1 
F 1.77×1023 N/A N/A N/A 0.24 
 
 
 
Figure 4.16 (a) Simulated etch profile of the Bosch process shown in Table 4.4 for a total process 
time of 241.2 s and (b) the sidewalls under the mask (color scale indicates the total ion flux on Si 
surface).  
 
(a)  
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Figure 4.16 (cont.) Simulated etch profile of the Bosch process shown in Table 4.4 for a total 
process time of 241.2 s and the sidewalls under the mask (color scale indicates the total ion flux 
on Si surface).  
 
  Lastly, it can be seen that the roughness on the sidewalls of the etch profile is not 
consistent for each etching/passivation cycle. This inconsistency is introduced by the mesh in 
the simulation model. In the simulation study shown for the Bosch process, the mesh system 
is originally built by triangles with side length of 0.01 ~ 0.05 μm in the original geometry and 
it will dynamically adjust the sizes of the mesh triangles as the geometry changes. A part of 
the mesh system of the etch profile shown in Figure 4.17 is detailed in Figure 4.17. It can be 
seen that the side lengths of most mesh triangles stretch to a size of as large as 0.2 μm on the 
sidewall surfaces when the total area of the geometry is increased. For the same geometry, 
building a denser mesh system will result in a smoother and more accurate profile, but it will 
also require longer computation time. Most importantly, as the average mesh size decreases, it 
is more difficult for the calculation to converge at all locations in the geometry due to a larger 
relative deformation percentage. 
(b)  
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Figure 4.17 Mesh system established near the edge of the etch profile shown in Figure 4.16. 
 
4.4.3 Single-step etching process 
  The complexity of the single-step etching rises from interactions of the etching and 
passivation species. Section 3.3 has experimentally showed that the interactions between the 
SF6 species and C4F8 species change the flux ratio in plasma significantly. On the other hand, 
whether an etching particle or a passivation particle reaches at a surface location is random in 
the single-step etching process. For simulation purposes, it is well known that a Monte-Carlo 
approach is most straightforward for modeling random processes. For the finite-element 
analysis (FEA) simulation employed in this study, an alternative approach needs to be 
appropriately used for the surface chemistry mechanism.  
  The polymer deposition and sputtering mechanisms are expressed using the surface 
reaction model in the single-step etching simulation. Two deposition sources are considered in 
this study, a CF3
+ ion source and a neutral CF2 source. The overall deposition rate (DR) is 
therefore the sum of equations (4.8) and (4.9) 
 𝐷𝑅 =
1
𝑁𝑎
(𝛤𝐶𝐹2𝑠𝐶𝐹2 +∫ 𝛤𝐶𝐹3+(𝜃)𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛
) (4.66) 
where the unit of DR is mol/m
2∙s. Here the neutral CF2 deposition is considered uniform at all 
surface locations. Similarly, the polymer removal rate (sputtering rate, SR) at any surface 
location is determined by the energy, sputtering yield, and flux of the 𝑆𝐹3
+ ions of all 
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energies at all incident angles  
 𝑆𝑅 =
1
𝑁𝑎
∑∫ 𝛤𝑆𝐹3+(𝐸, 𝜃)𝑌(𝐸, 𝜃)𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛𝐸
 (4.67) 
where  
 𝑌(𝐸, 𝜃) = 𝑌(𝐸)𝑌(𝜃) = 6.88√𝐸 (𝑒𝑉) − 10 ∙ 𝑌(𝜃) (4.68) 
using the expression in equation (4.20). Therefore, it can be assumed that the possibility for 
the etching to occur at the surface is depending on the polymer surface concentration cs can be 
calculated by equation (4.59)  
 
𝜕𝑐𝑠
𝜕𝑡
= 𝑅𝑠 = 𝐷𝑅 − 𝑆𝑅 (4.69) 
It is noted that cs is calculated by adding up the effects of etching species and the deposition 
species arriving at a surface location at the same time. This is problematic because in reality a 
surface location can only be occupied by one particle at the same time. However, the 
calculated surface concentration can be considered as an indicator of the polymer coverage 
possibility at this surface location. As a result, the surface reaction velocity (deformation 
velocity) will decrease if the surface coverage possibility of polymer is large. For the 
single-step etching simulation, the deformation velocity is assumed to follow an exponential 
function at locations covered by a polymer film 
 𝑣𝑛 = {
(𝐸𝑅𝑡ℎ + 𝐸𝑅𝑖𝑒) × 𝑏 [𝑒𝑥𝑝 (−
𝑐𝑠
𝑎
)] , 𝑓𝑜𝑟 𝑐𝑠 > 0
(𝐸𝑅𝑡ℎ + 𝐸𝑅𝑖𝑒), 𝑓𝑜𝑟 𝑐𝑠 < 0
 (4.70) 
where 𝐸𝑅𝑡ℎ and 𝐸𝑅𝑖𝑒 are the thermal etch rate by F atoms and ion-enhanced etch rate by 
SF3
+ ions, as shown in equations (4.1) and (4.4). b and a are empirical coefficients determined 
by the properties of polymer and indicates passivation ability of the deposited film. The 
maximum value of b is 1. It can be seen that if the value of a is chosen to satisfy 𝑎 ≫ 𝑐𝑠 for 
surface locations which are more likely covered by polymer films (𝑐𝑠 > 0), the surface 
reaction velocity 𝑣𝑛  is weakly depending on 𝑐𝑠  since 𝑒𝑥𝑝(−𝑐𝑠/𝑎) → 1 . For surface 
locations not covered (𝑐𝑠 < 0) by a polymer film, 𝑣𝑛 is assumed to be the overall etching 
velocity by neutrals and ions. Simulated etch profiles produced by the single-step etching 
process listed in Table 4.5 are compared at different empirical parameter a in Figure 4.18. 
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Table 4.5 List of parameters in a single-step etching process used in the model (𝜞𝑭 = 𝟏. 𝟑𝟔 × 𝟏𝟎
𝟐𝟒 
m
-2
s
-1
) 
C4F8 Species SF6 Species 
 Γ (m-2s-1) K σ (°)  Γ (m-2s-1) E (eV) Y𝑖𝑒 σ (°) 
CF3
+ 1.7×1022 1 1 SF3
+ 1.0×1021 130 9.7 1 
CF2  1.7×10
21
 1 N/A SF3
+ 1.5×1021 30 5 58 
 
 
Figure 4.18 Simulation etch profile of the single-step etching shown in Table 4.5 when the 
empirical parameter a is (a) 1000, (b) 100, and (c) 10, for a total etch time of 60 s and b = 1 (color 
scale indicates the surface polymer concentration cs). 
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Figure 4.18 (cont.) Simulation etch profile of the single-step etching shown in Table 4.5 when the 
empirical parameter a is (a) 1000, (b) 100, and (c) 10, for a total etch time of 60 s and b = 1 (color 
scale indicates the surface polymer concentration cs). 
 
  It is stated in equation (4.70) that different values of a only affect locations with 
surface concentration 𝑐𝑠 > 0. As it can be seen in Figure 4.18, these surface locations are 
created at the top bowing of the etch profile. The surface reaction velocity 𝑣𝑛 is increased 
when a smaller value of a is chosen, resulting in a larger bowing in the etch profile. In this 
case, the difference of the widest CD in the etch profiles when a is chosen as 1000 and 10 is 
less than 0.1%, thus dependence of etch profile on the value of a is insignificant. The 
formation of the bowing shape at the top of the etch profile is owing to the large-angle SF3
+ 
ion bombardment on the weaker passivation sidewalls, which is strongly depending on the 
angular spread σ and the flux of SF3
+ and CF3
+ ions. These parameters are considered as 
variables in the etching simulation models throughout this study so that the significance of 
each parameter can be compared and investigated.  
  The simulation models established based on the finite-element analysis (FEA) method 
for TSV etching can be applied to different etching processes in this study. Etch profile 
prediction is possible for Bosch process and single-step etching by the established simulation 
models assuming appropriate etching mechanisms, including fluxes of neutral species and 
ions, angular distribution of ions, and ion energy. In reality, the overall effect of each 
experimental parameter on the etching processes results from collective effects of individual 
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ion fluxes and neutral fluxes in the plasma. Therefore, the effect of different ion fluxes and 
neutral fluxes cannot be differentiated from a specific etch profile produced by an 
experimental process alone. However, one of the advantages of the simulation study is that all 
the properties (angular spread, energy, and etc.) of the ion and neutral fluxes can be set as 
variables to individually study the effect and significance of each flux. Table 4.6 lists the 
important parameters of the experimental processes for the TSV etching and their 
corresponding variables used in the simulation models.  
 
Table 4.6 Experimental parameters and their corresponding variables in the simulation models 
Experimental 
Parameters 
Corresponding Variables of Simulation Models 
(subscript “ion” represents 𝐒𝐅𝟑
+ and 𝐂𝐅𝟑
+ ions) 
Pressure Γ𝑖𝑜𝑛 Γ𝐹 σ𝑖𝑜𝑛 
SF6 flow Γ𝑆𝐹3+ Γ𝐹  
C4F8 flow Γ𝐶𝐹3+  Γ𝐶𝐹2   
Bias Voltage σ𝑖𝑜𝑛 E𝑖𝑜𝑛  
Temperature ER𝑡ℎ   
TCP power Γ𝑖𝑜𝑛 Γ𝐹  
 
  It is important to point out that some other profile-defining variables are depending on 
the value(s) of one or multiple variables listed in Table 4.6 in the simulation, for example, the 
silicon etching yield Y𝑖𝑒 is a function of E𝑖𝑜𝑛, the integrated ion flux and polymer sputtering 
yield at a surface location is a function of Γ𝑖𝑜𝑛, E𝑖𝑜𝑛 and σ𝑖𝑜𝑛. Therefore, the information 
obtained from the distributions of these variables at different conditions can also be used to 
understand the etching mechanisms from the simulation models.  
  The detailed geometry of the etch profile, including the mask thickness and the CD of 
TSV, is also an important factor for the simulation model. It is clear that the shadow effect of 
the mask and the flux distribution on the profile surface can be modified by changing the 
mask thickness and the CD. Overall number density of all species arriving at the surface of 
the initial etch profile will decrease when the CD of the TSV is reduced, assuming consistent 
initial fluxes for different geometries. Increasing the mask thickness will increase the portion 
of all species blocked by the mask, resulting in a decreased flux arriving at the Si surface, i.e. 
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a stronger shadow effect.  
  In the following chapters, profile simulation using the models established for different 
TSV etching techniques will be further explored. The validation of the simulation results with 
experimental data is important for etch profile prediction, especially for the single-step 
etching model, because the complicated chemistry in SF6/C4F8 plasmas may strongly affect 
the plasma-surface interaction mechanisms. The experimental results of TSVs produced by 
different etching methods will be shown in Chapter 5 and the simulation results will be 
compared with the experiments in Chapter 6.  
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Chapter 5 Experimental Results 
5.1 Effects of Process Parameters on TSV Etching in the Bosch 
Process 
5.1.1 Baseline bosch process optimization 
One of the main purposes of this study is to optimize TSV profiles produced by the 
Bosch process using alternating SF6 and C4F8 chemistries. In this section, effects of various 
process parameters, such as chamber pressure, bias voltage, source power and temperature, on 
ER and profile quality are investigated for 8 µm TSVs. Parameters of optimization 
experiments are modified based on a baseline process, the details of which are listed in Table 
5.1.  
 
Table 5.1 List of parameters in one etching/passivation cycle of the baseline process (0 ˚C) 
C4F8 Passivation Phase SF6 Etching Phase 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
3000 200 60 300 500 3000 200 160 700 700 
In the baseline process, the duration times of the etching and passivation phases are 
only 500 ms and 700 ms, respectively, using the ultrafast gas switching technique. The 
resulting pressure alternation of the first 12 etching/passivation cycles of the baseline process 
is shown in Figure 5.1. It can be seen that the pressure responds quickly and steadily as the 
two phases alternate. 
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Figure 5.1 Pressure of the first few etch/passivation cycles of the baseline process. It takes ~2 
cycles for the pressure to reach a “steady” alternation. Here, phase 1 represents the passivation 
phase, and phase 2 represents the etch step. 
 
Figure 5.2 shows the cross-section SEM pictures of TSVs etched by the baseline 
process. TSVs of ~ 66 μm deep were etched within 300 etching/passivation cycles (~ 6 min), 
resulting an ER of ~ 11 μm/min. The remaining PR mask is ~ 0.7 μm, corresponding to a 
selectivity of ~17:1. It can be seen that the baseline process achieves high ER and a moderate 
selectivity to PR, and the scallops on the sidewalls are small enough to be visible in these 
SEM pictures. However, the etch profile produced by the baseline process is obviously not 
perfect in many ways. First of all, the CD of the profile decreases drastically from ~ 8 μm to 
less than 5 μm. Although it is stated in the introduction that a positively tapered profile is 
sometimes preferred for the TSV filling process, a 40% decrease in CD may be too significant 
for this purpose. More importantly, a controllable CD size is preferred for the etch profile 
process. Second of all, the sidewall roughness, including striations and dots, still has room for 
improvements. Figure 5.2 shows striations of up to 800 nm in width are clearly seen on the 
sidewalls, which accounts for more than 1% of the average CD.  
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Figure 5.2 (a) Overall (b) Top (c) Middle (d) Bottom profile of TSVs etched by the baseline 
process. Striations and roughness are visible at the sidewalls of the TSV. 
 
It is straightforward to understand that the optimizations for the base process can be 
made on parameters including pressure, bias voltage, SF6 or C4F8 flow rate, and duration time 
for either etching phase or passivation phase. An important phenomenon observed in Figure 
5.2 is that the CD and sidewall roughness of the etching profile evolve with aspect ratio while 
the parameters of the baseline Bosch process is constant for the etching phase and passivation 
phase throughout the entire process. This indicates the etching chemistry, represented by the 
flux of each species, is changing as the aspect ratio increases. For neutral species in the 
etching gas, the flux is decreased when the aspect ratio increases due to the aspect ratio 
dependent etching (ARDE) mechanism. However, if the surface reflection coefficient is large, 
the number density distribution on the profile surface is close to uniform. Ion fluxes, on the 
other hand, have much smaller surface reflection coefficient and angular distribution as well, 
thus their surface number density may not be a monotonic function of the aspect ratio. This 
has been verified by the Bosch process simulation in section 4.4.2. In order to overcome the 
effects of the ARDE mechanism on etch profiles, the optimizations on the baseline process is 
(a) (b) 
(d) (c) 
striations 
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performed by ramping the parameters to achieve a controlled profile shape. 
The chamber pressure at the etching and passivation phases is modified from the 
baseline process individually. Compared to the baseline process, increasing pressure to 200 
mTorr (Figure 5.3(a)) at the etching phase results in a decreased etched depth with increasing 
TSV CDs; decreasing pressure to 120 mTorr (Figure 5.3(b)) at the etching phase also results 
in a decreased etched depth but with decreasing TSV CDs. On the other hand, increasing 
pressure to 80 mTorr (Figure 5.3(c)) at the passivation phase leads to an increased etched 
depth with large sidewall roughness, but decreasing pressure to 40 mTorr (Figure 5.3(d)) at 
the passivation phase leads to a decreased etched depth with smooth sidewalls.  
Several conclusions can be drawn from these observations: (1) At the etching phase, 
ER first increases with pressure to a maximum value at the low pressure regime, then it starts 
to decrease when pressure is further increased. The ER increase in the low pressure regime is 
because the flux of etching radicals (F atoms) is increased with pressure. However, when 
pressure is significantly high, ion energy drops due to a shorter plasma sheath at higher 
pressure. Removal of passivation layer becomes less effective when ion energy decreases, 
leading to a reduced ER and a smooth profile. (2) At the passivation phase, pressure is 
directly related to the thickness of the passivation layer, larger pressure corresponds to thicker 
polymer deposition on both the bottom and sidewalls, but the fact that a deeper and less 
smooth TSV profile is produced at a higher passivation pressure seems to contradict this 
assumption. This observation indicates that (i) C4F8 may produce a small amount of etching 
radicals at a high pressure due to its high F/C ratio; (ii) sidewall roughness is not only caused 
by over-etching, but can also be a result of over-polymerization. Conclusion (ii) here can be 
an important guideline for explaining and designing follow-up experiments in optimizing 
TSV etching process.   
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Figure 5.3 TSVs etched by a modified pressure compared to the baseline process: (a) an increased 
pressure of 200 mTorr at the etching phase; (b) a decreased pressure of 120 mTorr at the etching 
phase; (c) an increased pressure of 80 mTorr at the passivation phase; and (d) a decreased 
pressure at 40 mTorr at the passivation phase.  
 
Similarly, effects of bias voltage (Vb) are studies on etching and passivation phases 
separately. Compared to the baseline process, increasing (Figure 5.4 (a) and Figure 5.4 (c)) or 
decreasing (Figure 5.4 (b) and Figure 5.4 (d)) Vb at either etching or passivation phase has 
insignificant effects on ER. However, decreasing Vb to 150 V (Figure 5.4 (a)) at the etching 
phase results in a decreased CD at the bottom, whereas increasing Vb to 250 V (Figure 5.4 (b)) 
at the etching phase leads to a uniform TSV profile. This is because the angular distribution of 
ions is tightened when Vb is increased, therefore, a large portion of ions from the entrance can 
travel to the bottom of the TSVs to enable etching. However, at a relatively low Vb, more ions 
are scattered to the sidewalls and scavenge the passivation layer, resulting rough sidewalls, 
especially at the top and middle sections of the TSVs.   
 
(a) (b) 
(d) (c) 
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Figure 5.4 TSVs etched by a modified Vb compared to the baseline process: (a) an increased Vb of 
250 V at the etching phase; (b) a decreased Vb of 150 V at the etching phase; (c) an increased Vb 
of 250 V at the passivation phase; and (d) a decreased Vb of 150 V at the passivation phase. 
 
Figure 5.5 shows TSV profiles etched at different source power. It can be seen that as 
the source power decreases from 3000 W to 1500 W, the ER decreases and the bowing 
(difference between the widest CD and the mask CD) of the TSVs increases. This may result 
from the fact that the initial ion angular distribution is more scattered at a lower source power, 
leading to excessive ion bombardments on the sidewalls to scavenge the passivation. This is 
similar to the low Vb situation stated above.  
 
(a) (b) 
(d) (c) 
striations 
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Figure 5.5 TSVs etched by different source power at (a) 3000 W (baseline); (b) 2500 W; (c) 2000 
W; and (d) 1500 W. 
 
Substrate temperature is varied from -10 ˚C to 20 ˚C from the baseline process, and 
the resulting TSV profiles are shown in Figure 5.6. It is found that increasing substrate 
temperature slightly increases ER, but the undercut (difference between the CD at entrance 
and the mask CD) is significantly increased at a higher temperature.  
The ERs and bowing of the TSV profiles etched at different source power are 
compared in Figure 5.7 (a) and the ERs and undercut of TSV profiles etched at different 
temperature are compared in Figure 5.7 (b). It is suggested by these results that the optimal 
source power and substrate temperature is 3000 W and 0 ˚C, respectively. Combined with the 
analysis of effects of chamber pressure and Vb, the optimized parameters from the baseline 
process are listed in Table 5.2.  
 
(a) (b) 
(d) (c) 
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Figure 5.6 TSVs etched at different substrate temperatures: (a) -10 ˚C; (b) 0 ˚C (baseline); (c) 10 
˚C; and (d) 20 ˚C.  
 
 
 
Figure 5.7 (a) ERs and bowing of TSVs etched at a source power of 1500 ~ 3000 W; (b) ERs and 
undercut of TSVs etched at a substrate temperature of -10 ~ 20 ˚C.  
 
(a) (b) 
(d) (c) 
(a) 
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Figure 5.7 (cont.) (a) ERs and bowing of TSVs etched at a source power of 1500 ~ 3000 W; (b) 
ERs and undercut of TSVs etched at a substrate temperature of -10 ~ 20 ˚C.  
 
Table 5.2 List of parameters in one etching/passivation cycle of the optimized baseline process (0 
˚C) 
C4F8 Passivation Phase SF6 Etch Phase 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
3000 200 40 300 500 3000 200 160 700 700 
 
5.1.2 Baseline Bosch process optimization: parameter ramping 
The baseline process optimization is performed in the following sequence: (1) 
pressure ramping; (2) SF6 flow rate ramping in addition to pressure ramping; (3) Addition of 
40 sccm in passivation phase in addition to SF6 flow rate ramping and pressure ramping; and 
(4) bias voltage ramping in addition to SF6 in passivation phase, SF6 flow rate ramping, and 
pressure ramping. This three-step optimization has been modified in the etching phase. The 
parameters of these three ramping processes are listed in Table 5.2 ~ Table 5.6, and the 
resulting etch profiles are shown in Figure 5.8 ~ Figure 5.11. 
 
Table 5.3 Baseline optimization (1): Pressure ramping in etching phase (0 ˚C) 
C4F8 Passivation Phase SF6 Etching Phase 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
3000 200 60 300 500 3000 200 160115 700 700 
 
(b) 
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Figure 5.8 Etch profile produced by baseline optimization (1): Pressure ramping in etching phase 
(0 ˚C) 
 
  Compared to the etch profile produced by the baseline process, a downward process 
ramping increases the bottom CD of the etch profile and slightly decreases the ER, as can be 
seen in Figure 5.8. Magnified SEM pictures on the right of Figure 5.8 shows that the average 
size of the striations is decreased using the pressure ramping process. These observations 
reveal the two aspects of the effects when applying a decreasing pressure during etch. Firstly, 
the ER decrease is probably due to the fact that the ion and neutral fluxes are reduced at a 
lower pressure. It has been show in the previous sections that the F neutral flux is reduced at a 
lower pressure, but the same statement may not be true for ions, as seen from Figure 3.6. 
More importantly, the average ion energy can be even increased at a lower pressure due to 
smaller collision frequency in the plasma sheath, resulting in a larger polymer sputtering rate. 
The individual effect of F neutral flux and ions on the ER cannot be differentiated by these 
experimental results. Secondly, the CD increase at the bottom in the pressure ramping process 
indicates smaller ion angular distribution when pressure is reduced. 
 
Table 5.4 Baseline optimization (2): Pressure ramping and SF6 flow rate ramping in etching 
phase (0 ˚C) 
C4F8 Passivation Phase SF6 Etching Phase 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
3000 200 60 300 500 3000 200 160115 700480 700 
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Figure 5.9 Etch profile produced by baseline optimization (2): Pressure ramping and SF6 flow 
rate ramping in etching phase (0 ˚C) 
 
  Figure 5.9 shows that decreasing SF6 flow rate during etching further increased bottom 
CD of the etch profile, while the ER remains nearly the same as in Figure 5.8. This may due 
to the modification in the multi-step SF3
+ ionization process in the plasma. A decreased SF6 
flow will result in a reduced generation rate of low-energy SF3
+ ions by equation (3.11), 
leading to the CD decrease in the etch profile, especially at the top part of the TSV. Another 
effect of a decreased SF6 flow rate is that the collision frequency can be reduced for the 
high-energy SF3
+ ions travelling through the sheath. As a result, these high-energy SF3
+ ions 
will have smaller angular distribution and larger flux compared to the high SF6 flux case, 
resulting in a larger bottom CD.   
 
Table 5.5 Baseline optimization (3): Pressure ramping, SF6 flow rate ramping, and bias voltage 
ramping in etching phase (0 ˚C) 
C4F8 Passivation Phase (Addition of SF6) SF6 Etching Phase 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
Power 
(W) 
Bias (V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
3000 200 60 300 500 3000 200130 160115 700480 700 
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Figure 5.10 Etch profile produced by baseline optimization (3): Addition of 40 sccm SF6 in the 
passivation phase, pressure ramping, and SF6 flow rate ramping in etching phase (0 ˚C) 
 
  It is interesting to see from Figure 5.10 that a small addition of SF6 in the passivation 
phase can significantly change the passivation effect, leading to an overall CD decrease of the 
etch profile, especially at the bottom of the TSV. Another observation from this optimization 
is that the addition of SF6 in the C4F8 has an effect of increasing smoothness of sidewalls. This 
indicates that the polymer formation by C4F8 is weakened by SF6. The significant increase of 
the bottom CD shows that the depositing ions dissociated from C4F8 are reduced by the 
chemical interactions between the SF6 and C4F8 species.   
 
Table 5.6 Baseline optimization (4): Pressure ramping, SF6 flow rate ramping, and bias voltage 
ramping in etching phase (0 ˚C) 
C4F8 Passivation Phase (Addition of SF6) SF6 Etching Phase 
Power 
(W) 
Bias 
(V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
Power 
(W) 
Bias (V) 
Pressure 
(mTorr) 
Flow 
(sccm) 
Time 
(ms) 
3000 200 60 300 500 3000 200130 160115 700480 700 
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Figure 5.11 Etch profile produced by baseline optimization (4): Pressure ramping, SF6 flow rate 
ramping, addition of SF6 in passivation and bias voltage ramping in etching phase (0 ˚C) 
 
The effect of the bias voltage shown in Figure 5.11 is relatively simple to interpret for 
the behavior of the etch profile. A reduced bias voltage increases the angular distribution of 
all ion species, resulting in a larger top CD from the low-energy ions, and smaller bottom CD 
from the high-energy ions, as shown in Figure 5.11. The process shown in Table 5.6 is the 
POR Bosch process in this study. 
 
5.1.3 TSV post-etch plasma treatment 
Although the TSV ER and profile quality has been significantly improved by using 
the ultrafast gas switching technique and optimizing the process parameters, the inherent 
disadvantage of a scalloped profile cannot be completely eliminated using a Bosch process. 
50~100 nm scallops are clearly visible on the sidewall of TSVs using the optimized Bosch 
process from previous section (Table 5.2), as shown in Figure 5.13.     
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Figure 5.12 50~100 nm scallops are still visible on TSV sidewalls using the optimized Bosch 
process from the previous section (process parameters are listed in Table 5.2). 
  
A post-etch plasma treatment is found effective in eliminating scallops on TSV 
sidewalls. A relatively strong (but not as strong as SF6) etching chemistry is preferable for the 
post-etch treatment step to in-situ improve the quality of TSV profiles in a relatively short 
time. NF3 is chosen as the etch gas for this purpose and a small portion of O2 is added as a 
passivation gas. It can be seen that the chemistry of the post-etch treatment resembles a 
cryogenic etch process. The baseline process of this post-etch plasma treatment is shown in 
Table 5.10.   
 
Table 5.7 Parameters of the post-etch plasma treatment (baseline). 
TCP power (W) Vb (V) Pressure (mTorr) NF3 (sccm) O2 (sccm) 
2500 500 65 700 200 
 
Figure 5.13 compares the scalloping effect between TSV profiles before post-etch 
treatment (Figure 5.13(a)) and TSV profiles treated by a post-etch NF3/O2 plasma for a different 
process time. 
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Figure 5.13 Reduction of TSV sidewall scallops by a post-etch NF3/O2 plasma for a treatment 
time of: (a) 0 sec (no post-etch treatment); (b) 12.5 sec; (c) 25 sec; and (d) 37.5 sec. 
 
It can be clearly seen that sidewall scallops are reduced by a 12.5-second post-etch 
treatment using a NF3/O2 plasma, and a smoother TSV profile is achieved. Longer treatment 
time results in better sidewall smoothness, however, a 25-second post-etch treatment is 
considered optimal because smoothness is not further improved beyond it. An important 
observation is that the post-etch treatment produces a ring-shaped defect near the bottom of 
the TSVs, and the size of this bottom ring is increased with treatment time. The cause of the 
bottom ring is still unclear but it may be related to the NF3/O2 etch chemistry. A plausible 
explanation is that part below the bottom ring is actually etched by the NF3/O2 plasma, and 
the etched profile can be slightly different than the part that is etched in the Bosch process due 
to a discontinuity in etch chemistry.  
To overcome the bottom ring issue, several modifications at the post-etch treatment 
step are studied. Table 5.8 lists four optimization experiments by modifying the source power, 
bias voltage and pressure at the post-etch treatment step. Results of these experiments are 
shown in Figure 5.14. 
(a) (b) 
(d) (c) 
Bottom ring Bottom ring 
Bottom ring 
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Table 5.8 Optimization experiments 1-4 at the post-etch plasma treatment step 
 TCP power (W) Vb (V) Pressure (mTorr) NF3 (sccm) O2 (sccm) 
Baseline 2500 500 65 700 200 
Exp. 1 2800 350 50 700 200 
Exp. 2 2800 650 80 700 200 
Exp. 3 2200 650 50 700 200 
Exp. 4 2200 350 80 700 200 
 
  
  
  
  
Figure 5.14 Optimization of TSV post-etch treatment by (a) Exp. 1 (increased power, decreased 
Vb and pressure); (b) Exp. 2 (increased power, Vb and pressure); (c) Exp. 3 (increased Vb, 
decreased power and pressure); and (d) Exp. 4 (increased pressure, decreased Vb and power). 
 
Several conclusions can be drawn from the results shown in Figure 5.14. First, a 
decrease in TCP has an effect of increasing sidewall smoothness, as shown in Figure 5.14(c) 
and (d). This is probably because more ions and radicals reach onto the sidewalls when the 
source power is reduced. Second, as seen in Figure 5.14(a) and (d), decreasing Vb reduces the 
size of bottom ring, which may be related to relatively weaker ion bombardment at the bottom 
of TSVs at a lower Vb. Compared to Vb and source power, the effect of pressure on post-etch 
treatment is more subtle. However, from the analysis in the previous section on the pressure 
effects on TSV etching, it is known that sidewall smoothness will decrease if pressure is too 
(a) (b) 
(d) (c) 
Worse bottom ring 
Worse bottom ring 
Smaller bottom ring 
Worse smoothness 
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large due to excessive sidewall etching, and the bottom ring size will increase if pressure is 
too small because more ions and radicals preferably reach at the TSV bottom. Therefore, an 
optimal pressure needs to be found to balance the sidewall smoothness and the size of the 
bottom ring. The best condition found in Table 5.8 is Exp. 4 according to these conclusions. 
Another approach of optimizing TSV profiles at the post-etch treatment step is to 
modify the etch chemistry by changing the NF3:O2 ratio. Optimization experiments of this 
approach are listed in Table 5.9. ERs at different NF3:O2 ratios are equated on silicon wafers 
by a different treatment time. The resulting TSVs of Exp. 5 ~ 8 are shown in Figure 5.15.  
Table 5.9 Optimization experiments 5-8 at the post-etch plasma treatment step 
 TCP power 
(W) 
Vb (V) Pressure (mTorr) NF3 (sccm) O2 (sccm) Time (s) 
Baseline 2500 500 65 700 200 25 
Exp. 5 2500 500 65 875 250 15 
Exp. 6 2500 500 65 525 150 25 
Exp. 7 2500 500 65 875 150 12 
Exp. 8 2500 500 65 525 250 27 
 
  
  
  
  
Figure 5.15 Optimization of TSV post-etch treatment by (a) Exp. 5 (increased NF3 and O2); (b) 
Exp. 6 (decreased NF3 and O2); (c) Exp. 7 (increased NF3 and decreased O2); and (d) Exp. 8 
(increased O2 and decreased NF3). 
(a) (b) 
(d) (c) 
Better smoothness 
Worse bottom ring 
Worse smoothness 
Better bottom ring 
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It is seen in Figure 5.15 that proportionally increasing NF3 and O2 at the same time 
increases the size of the bottom ring (Figure 5.15(a)), owing to a faster etching at the bottom 
of TSVs. Conversely, proportionally decreasing the NF3:O2 ratio reduces the size of the 
bottom ring but increases the sidewall roughness (Figure 5.15(b)). Increasing NF3:O2 ratio 
results in a rougher sidewall due to insufficient O2 passivation on the sidewalls (Figure 
5.15(c)). A reduced NF3:O2 ratio is optimal to obtain the best sidewall smoothness and 
smallest bottom ring at the same time (Figure 5.15(d)).  
In conclusion, TSV profile optimization using a NF3/O2 post-etch plasma treatment is 
found to be effective in producing smooth TSV sidewalls. However, the post-etch treatment 
creates a ring near the bottom of TSVs, leading to a discontinuity on the etched profile. 
Experiment results show that a lower bias voltage and a reduced NF3/O2 ratio can help reduce 
the size of the bottom ring. On the other hand, a source power of 2200 W and a pressure of 80 
mTorr are found to be optimal condition for maximizing the profile smoothness. It can be 
seen that in the TSV Bosch process, good sidewall passivation and fast removal of bottom 
passivation are required to achieve high ER and a vertical profile. However, at the post-etch 
treatment step, sidewall modification is emphasized in order to optimize the smoothness and 
bottom etch is unwanted to avoid the bottom ring formation. The combination of two opposite 
kinetics between the Bosch process and post-etch treatment is the key mechanism in 
producing good-quality TSV profiles.    
 
5.2 Study of Single-step TSV Etching Method 
5.2.1 Baseline process for single-step etching  
In order to overcome the profile defects in TSVs etched by the Bosh processes, 
experiments of single-step TSV etching processes are performed using the SF6/C4F8 chemistry. 
As the first experimental study of the single-step process, the same amount of C4F8 in the 
passivation phase of the baseline Bosch process (Table 5.1) is combined with the SF6 etching 
phase, as shown in Table 5.10. The resulting TSV profile is shown in Figure 5.16. 
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Table 5.10 First test of a single-step TSV etching process by mixing SF6 and C4F8 gases 
TCP Power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
3000 200 160 700 300 360 
 
 
Figure 5.16 TSV etched by a single-step etching process combining the SF6 and C4F8 steps in the 
Bosch process (parameters listed in Table 5.10).  
 
It can be seen that the TSV profile etched by the single-step process in Figure 5.16 is 
different from that etched by the baseline Bosch process shown in Figure 5.2 in many ways. 
First of all, the etch profile produced by the single-step etching has significant bowing effect 
and rough sidewalls, especially at the top part of the etch profile. The top bowing of the TSV 
profile is caused by the lateral etching of the large-angle SF3
+ ions, as previously shown by 
the isotropic SF6 etching simulation, resulting a rough sidewalls and a large CD. However, 
both the CD and the surface roughness at the bottom part of the sidewalls are decreased in the 
etch profile, indicating that a better passivation is achieved on the sidewalls towards the 
bottom. Second of all, the overall ER of the single-step etching process is less than 7 μm/min, 
which is significantly smaller than the baseline Bosch process. This again shows that the 
passivation mechanism is enhanced using a SF6/C4F8 plasma, especially when the aspect ratio 
of etch profile is increased. A comparison between the partial pressure of individual SF6 and 
C4F8 flows in Table 5.10 and the baseline Bosch process in Table 5.1 should provide some 
information on the different behaviors of these two etching techniques. It can be calculated 
that the partial pressure ratio of SF6:C4F8 is 2.3 in the single-step etching process, compared to 
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2.7 in the baseline Bosch process. The partial pressure difference seems to provide 
explanation for that the over-passivation in the single-step etching process. However, it has 
been shown in section 3.3 that the interactions of the SF6 species and C4F8 species are 
significant in the SF6/C4F8 plasma to reduce the number densities of all positive ions 
compared to a pure SF6 plasma or a pure C4F8 plasma with the same partial pressure, except 
for the SF3
+ ions. Therefore, a baseline single-step TSV etching process using the same 
pressure (80 mTorr) and gas flow rates (SF6:C4F8 = 200:200) is shown in Table 5.11. The bias 
voltage of the baseline process is 100 V, and the resulting etch profile is shown in Figure 5.17. 
 
Table 5.11 A baseline single-step TSV etching process 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
3000 100 80 200 200 600 
 
 
Figure 5.17 TSV etch profile made by the baseline single-step etching process in Table 5.11. A 
transition is clearly seen on the TSV sidewalls. 
 
It is found that a decreased pressure and a reduced SF6/C4F8 ratio help to improve the 
sidewall smoothness, and reduce the bowing of the TSV profile using the baseline single-step 
etching. However, it is interesting that a profile discontinuity, or a transition, appears in the 
TSV profile etched by this steady-state process. It is also noticed that the quality of the upper 
part (above the transition) and the lower part (below the transition) of the profile have distinct 
sidewall smoothness. The upper part (before the transition) shows striations of up to 0.3 μm in 
width on the sidewalls, but the lower part is smooth and no striations or scallops are visible.  
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The reason for the sidewall roughness and bowing above the transition can be linked 
to the large angular-spread ion bombardment and insufficient passivation at the top of the etch 
profile. However, further study is required in order to appropriately explain the formation of 
the transition and its evolution as a function of time. More importantly, whether or not the 
formation of the transition can be controlled by manipulating the process parameters is critical 
for practical TSV applications of the single-step etching method. Therefore, parameter study 
will be performed and analyzed in the following section to investigate the origin of the 
transition formation. 
 
5.2.2 Parameter study for single-step etching 
The investigation of the effects of variable parameters is conducted on pressure, bias 
voltage, and gas ratio for single-step etching processes. It is noted that some of the behavior 
of the etch profile evolution can be a synergistic effect of multiple parameters.   
The chamber pressure is varied from 40 mTorr to 120 mTorr from the baseline 
process in Table 5.11. The etch profiles obtained at different pressure for a total etching time 
of 400 s is shown in Figure 5.18 and the ERs are compared in Figure 5.19. 
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Figure 5.18 TSV etch profiles obtained by the baseline single-step etching profile with a modified 
pressure at (a) 40 mTorr, (b) 60 mTorr, (c) 80 mTorr, and (d) 120 mTorr. 
 
Figure 5.19 ER comparison of single-step etching processes at different pressure. 
 
  It is clear that the chamber pressure is an important factor for the ER realized by 
single-step etching method. It is shown in Figure 5.19 that a larger ER is obtained at a higher 
chamber. The main reason for the ER increase is owing to the higher density of the etching 
(a) 40 mTorr (b) 60 mTorr 
(d) 120 mTorr (c) 80 mTorr 
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species, including SF3
+ ions and neutral F atoms at an increased pressure in the low-pressure 
regime in this case. It is noted that passivation species, such as CF2 neutrals, should also 
increase with pressure. Therefore, the ER increase at a higher pressure indicates that the 
increase of etching mechanisms overweighs the increase of the passivation mechanisms as the 
pressure increases in a single-step etching process. The error of the ER data is mainly caused by 
the length calibration and measurement by the pixel-based imaging tool ImagingFactory. In 
this section, all SEM images are over 1 MB, and the error made by is less than 1% of the 
SEM scale. The error bars are estimated by the largest error in the measurement, which is 1% 
of the SEM scale. 
   There are two possible reasons for the preferred etching over passivation at an increased 
pressure. Firstly, the neutral F atoms formed from both SF6 and C4F8 can increase largely when 
the chamber pressure is increased. The F atoms are mostly consumed in the Si etching process 
instead of integrating onto the polymer film, thus the ER is increased when the number density 
of F atoms increases. Secondly, the ER increase may result from the fact that more etching ions, 
such as SF3
+, than passivation ions, such as CF3
+, are generated at a higher pressure due to 
higher C4F8 density. In the plasma chemistry study, it has been showed in Figure 3.6 that the 
number density of SF3
+ ions increases with pressure. However, it has been shown in Figure 
3.12 that the number density of CF3
+ ions decreases with pressure. Therefore, it is proved that 
the etching mechanism is enhanced at a high pressure using the single-step etching method.  
   Although the ER can be increased with chamber pressure, the quality of the etch profile 
is sacrificed at a higher pressure. It can be seen that the TSV profile produced at a pressure of 40 
mTorr has very smooth sidewalls (Figure 5.18 (a)) but at a pressure of 120 mTorr, sidewall 
defects, such as gouges, are clearly visible on the TSV profile, as shown in Figure 5.18 (d). 
More importantly, a transition is starting to form in the TSV profile produced at 60 mTorr 
((Figure 5.18 (b))) and is clearly seen on the sidewalls of the TSV profile etched at 80 mTorr 
(Figure 5.18 (c)). A smooth TSV profile is clearly desired for application purposes, it is 
concluded from Figure 5.18 that a process pressure of less than 120 mTorr should be used in 
the baseline process in order to achieve smooth TSV profiles. 
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  To further investigate the formation of the transition on the profile, effect of the bias 
voltage (Vb) is studied for the baseline single-step etching process. The etch profiles produced 
at 300V, 200 V, and 100 V at a pressure of 60 mTorr are compared in Figure 5.20, and the 
resulting ERs are compared in Figure 5.21. 
  
  
 
 
  
Figure 5.20 TSV etch profiles obtained by the single-step etching profile with a bias voltage of (a) 
300 V, (b) 200 V, and (c) 100 V for a total etching time of 400 s. 
 
Figure 5.21 ER comparison of single-step etching processes at different bias voltage. 
(a) 300 V (b) 200 V 
(d) (c) 100 V 
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  It can be seen from Figure 5.20 that the bias voltage plays an important role in the 
formation of the transition. As the bias voltage increases, the transition in the etch profile is 
more clear to be seen. This can be characterized by the CD difference above and below the 
transition. The CD difference is decreased from 8.43 μm to 5.59 μm from the section above the 
transition to that below the transition at a bias voltage of 300 V. However, the difference of 
these sections decreases as the bias voltage is reduced at 200 V, and the transition is barely seen 
in the etch profile produced by a bias voltage of 100 V. Another phenomenon shown in Figure 
5.20 is that the etch profile seems to be more vertical etched by a higher voltage at either etched 
section. This indicates a more tightened ion angular distribution is obtained at a higher bias 
voltage. 
   The increase of the ER as a function of the bias voltage is almost linear, as shown in 
Figure 5.21. This is a combined effect of a higher polymer sputtering yield and a faster 
ion-enhanced Si etching of higher ion energies, which have been expressed in equations (4.7) 
and (4.20), respectively. The linearity behavior of ER on the bias voltage can be seen from a 
combination of (4.7) and (4.20) 
 𝐸𝑅 ∝ √𝐸𝑖(𝐸𝑖 − 10)
0.5 (5.1) 
where the ion energy 𝐸𝑖 is proportional to the bias voltage. It can be seen from equation (5.1) 
that if 𝐸𝑖 ≫ 10 eV, ER will be linearly depend on the ion energy, or the bias voltage. 
   It is immediately noticed that if the bias voltage is a major factor in the transition 
formation on the etch profiles, the determining factor of the morphology of the TSVs is 
actually the ions affected by the bias voltage. Assuming the transition formation is related to 
the ion bombardment mechanism, directly changing the number density of ions by increasing 
or decreasing the gas flow rate should have an impact for the transition formation as well. The 
investigation of SF6 flow rate variation has been performed at 80 mTorr and 60 mTorr at a 
bias voltage of 100 V, as shown in Table 5.12 and Table 5.13, and the corresponding TSV etch 
profiles are compared in Figure 5.22 and Figure 5.23, respectively. 
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Table 5.12 SF6 flow rate modification for the baseline single-step TSV etching process at 80 
mTorr 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
   (a) 225   
3000 100 80 (b) 200 200 600 
   (c) 175   
 
  
  
 
 
  
Figure 5.22 TSV etch profiles obtained by the single-step etching profile with a SF6 flow rate of (a) 
225 sccm, (b) 200 sccm, and (c) 175 sccm at 80 mTorr. 
 
Table 5.13 SF6 flow rate modification for the baseline single-step TSV etching process at 60 
mTorr 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
   (a) 225   
3000 100 60 (b) 200 200 600 
   (c) 175   
 
 
 
 
(a) (b) 
(c) 
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Figure 5.23 TSV etch profiles obtained by the single-step etching profile with a SF6 flow rate of (a) 
225 sccm, (b) 200 sccm, and (c) 175 sccm at 60 mTorr. 
 
  It can be seen from Figure 5.22 and Figure 5.23 that the SF6 flow rate is indeed an 
important factor for the formation of the transition on the etch profile. At a high SF6 flow rate 
(225 sccm) and a high pressure (80 mTorr), the transition is clearly seen on the etch profile in 
Figure 5.22 (a). On the other hand, no profile discontinuity has been clearly observed on the 
etch profiles produce at smaller SF6 flow rates (Figure 5.22 (b), (c), and Figure 5.23 (b), (c)). 
It is found that decreasing pressure from 80 mTorr to 60 mTorr seems to slow down the 
transition evolution by comparing Figure 5.22 (a) and Figure 5.23 (a).    
  Another observation from the TSV profiles of Figure 5.22 and Figure 5.23 is that the ER 
is reduced at a pressure of 60 mTorr, but the corresponding CD of etch profile is increased at the 
same time. This indicates that the ion angular distribution is widened by collisions at high 
pressure. The ERs of the etch processes listed in  
Table 5.12 and Table 5.13 are compared in Figure 5.24. 
(a) (b) 
(c) 
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Figure 5.24 ER comparison of single-step etching processes at different SF6 flow rate. 
 
  Lastly, the TCP power effect is studied for the single-step TSV etching. The TCP power 
has been performed from 1000 W to 3000 W, as listed in Table 5.14. The resulting etch profiles 
are shown in Figure 5.25. 
  It can be seen that the etch profile produced at high TCP power has very smooth 
sidewalls, and the roughness is clearly seen on the TSV sidewalls when the TCP power is 
decreased. More importantly, the ER does not increase with TCP power as one would expect. In 
fact, the ER peaks at a TCP power of 2000 W, as shown in Figure 5.26. 
 
Table 5.14 TCP power study of the single-step TSV etching process 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
(a) 3000 
100 80 175 200 600 
(b) 2500 
(c) 2000 
(d) 1500 
(e) 1000 
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Figure 5.25 TSV etch profiles obtained by the single-step etching profile with a TCP power of (a) 
3000 W, (b) 2500 W, (c) 2000 W, (d) 1500 W, and (e) 1000 W. 
(a) 3000 W 
(d) 1500 W (c) 2000 W 
(b) 2500 W 
(e) 1000 W 
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Figure 5.26 ER comparison of single-step etching processes at different TCP power. 
 
  Observations of a rough sidewalls of the TSV etch profile and a high ER at a medium 
TCP power indicate that there is an optimum power for the single-step etching when the etching 
mechanisms induced by the ion bombardment overweigh the passivation mechanisms most 
significantly. However, it has been experimentally and theoretically proved that the number 
densities of positive ions in a pure SF6 plasma or a pure C4F8 plasma increases with TCP power 
in an ICP chamber [24,106]. Therefore, the fact that a reduced ER is obtained at a high TCP 
power may result from two possible reasons. First of all, it is possible that the passivation by ion 
species from the C4F8 plasma is significantly increased at a high TCP power. In the case that the 
increase of the etching mechanisms by SF6 is slower than the increase of passivation 
mechanisms by C4F8 with TCP power, the ER will start to decrease when the passivation is 
significant enough to compete with etching. Second of all, the interactions between the SF6 and 
C4F8 can be a critical factor for the ER in the single-step TSV etching. If there is a chemical 
reaction can significantly consume the positive ions generated from SF6 at a high TCP power, 
or part of these positive ions from SF6 can even be integrated into the polymer films to enhance 
passivation, the ER will be decreased at high ER power due to the loss of effective etching ions 
for Si etching process. Unfortunately, direct demonstration of the proposed assumptions is 
extremely hard to acquire due to the fact that both the chemical interactions and the polymer 
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growth on the surface are transient processes. Therefore, it is difficult for characterizations 
using diagnostic techniques without interrupting the nature of the chemical dynamics. 
 
5.3 Discussion on Realization of Single-Step TSV Etching 
5.3.1 Optimizations on TSV etch profile 
  In order to understand the mechanisms of the transition formation on the etch 
profiles by the single-step etching processes, TSV profiles produced at different etch times are 
compared to investigate the evolution of TSV etching. The etch profiles produced by the 
etching process in Table 5.15 at 100 ~ 400 s are shown in Figure 5.27. 
 
Table 5.15 TSV etching process used for etch profile evolution 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) 
3000 200 80 220 100 
 
  
  
  
  
Figure 5.27 Evolution of TSV profile etched by the single-step etching process in Table 5.15 at a 
total etch time of (a) 100 s, (b) 200 s, (c) 300 s, and (d) 400 s.  
(a) (b) 
(d) (c) 
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It can be seen from Figure 5.27 that the transition on the TSV profile appears at a 
total etch time of as short as 100 s, and it is evolving with the total etch time to a wider and 
deeper range. The width of the lower part of TSVs, however, does not significantly change 
with time. These results are compared in Figure 5.28.  
     
 
 
Figure 5.28 (a) Time dependence of etch depth and lower part/total etch depth ratio; (b) Time 
dependence of the profile widths of upper part and lower part of the TSVs. 
 
It can be speculated that ion scattering may play an important role in producing the 
transition on the TSV profile. The proposed explanation is illustrated schematically in Figure 
5.29. Ions entered the TSV at an initial angular distribution are subjected to the bias voltage 
(a) 
(b) 
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and are scattered onto the sidewalls and the bottom of feature. Polymer film formed on the 
sidewalls at the top of the etch profile is quickly cleared by large-angle ion bombardments. 
However, polymer deposition on the sidewalls at the bottom of the profile is not cleared fast 
enough owing to the ion-enhanced passivation mechanism. Ion deposition monomers, such as 
CF3
+, have a significantly smaller angular distribution than neutral deposition monomers, such 
as CF2, leading to polymer accumulation at the bottom of the TSV profiles. As etch depth 
increases, a “sweet spot” with etching mechanisms equal passivation mechanisms will appear 
on the profile sidewalls. The sidewalls above this position are dominated by etching, whereas 
the sidewalls below this position are dominated by passivation. This is the origin of the initial 
transition on the sidewalls. Whenever a transition is formed on the sidewalls (Figure 5.27(a)), 
this discontinuity will block a small portion of ions entered at relatively large angles to 
prevent them from reaching the sidewalls beyond the transition, resulting in much smoother 
sidewalls below the transition, as shown Figure 5.30. It is noticed that similar smoothness 
shown at the bottom part of the etch profile in Figure 5.30 has not been achieved in TSVs 
etched by any Bosch process, even when it is combined with a post-etch plasma treatment. 
 
 
Figure 5.29 Diagram illustrating the proposed mechanism for transition formation on etch 
profiles produced by single-step etching. 
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Figure 5.30 TSV profile etched by the single-step etching process in Table 5.15 for a total etch 
time of 400 s. Striations show on the sidewalls at the upper part of the TSV above the transition, 
but extremely smooth sidewalls is obtained at the lower part of the TSV below the transition. 
 
  As an attempt to reduce the transition, several considerations on the etching 
parameters are needed in order to obtain a good etch profile. First of all, using a small bias 
voltage may prevent the transition formation, as concluded previously. In fact, it is found 
experimentally in this study that a 5 µm mask will be completely etched away by a 400 V bias 
voltage even at a relatively low pressure (40 mTorr) in less than 400 s. Therefore, a bias 
voltage of less than 200 V is chosen in most of the single-etch processes in this study. 
Secondly, the sidewall smoothness and verticality should not be sacrificed when attempting to 
eliminate the transition. It has been shown in the pressure study in Figure 5.18 that a more 
smooth TSV profile can be obtained at a smaller pressure, which is caused by the 
over-etching by ions and neutrals from SF6. As a result, the SF6 flow rate is reduced as 
pressure increases in order to compensate the sidewall roughness resulting from a large 
pressure.  
 
Table 5.16 Comparison of four single-step TSV etching processes 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
(a) 3000 100 40 300 200 600 
(b) 3000 100 60 250 200 600 
(c) 3000 100 80 225 200 600 
(d) 3000 100 100 200 200 600 
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Figure 5.31 TSV profile etched by the single-step etching processes in Table 5.16 at the following 
conditions: (a) 40 mTorr, 300 sccm SF6, (b) 60 mTorr, 250 sccm SF6, (c) 80 mTorr, 225 sccm SF6, 
and (d) 100 mTorr, 200 sccm SF6.  
 
   It can be seen from Figure 5.31 (b) and (c) that at a pressure of 60 mTorr and 80 mTorr, 
the SF6 flow rate is too high to prevent the transition formation. On the other hand, TSV etch 
profiles in Figure 5.31 (a) and Figure 5.31 (d) both have significant bowing at the top of the 
profile. These results indicate that the profile bowing is caused by the etching ions from SF6 at 
a SF6 high flow rate or at a high pressure. 
   With the results in Figure 5.31, a set of appropriate single-step etching processes for 
eliminating the transition and improving sidewall smoothness can be speculated. The 
approaches for reducing the transition can be reducing the bias voltage, or/and decreasing the 
SF6 flow rate. Sidewall smoothness can be improved by reducing the pressure, or/and 
decreasing the SF6 flow rate. The modifications of the process at a pressure of 40 mTorr has not 
been further investigated because a more vertical profile requires a decreased SF6 flow rate, 
thus the ER will be further reduced at the same pressure.  
(d)  (c) 
(a) (b)  
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Table 5.17 Modified single-step TSV etching processes from Table 5.16 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
(a) 3000 100 60 225 200 600 
(b) 3000 100 80 200 200 600 
(c) 3000 100 100 175 200 600 
(d) 3000 80 80 200 200 600 
 
  
  
  
  
Figure 5.32 TSV profile etched by the single-step etching processes in Table 5.17 at different 
pressure, bias voltage and SF6 flow rate conditions. 
 
  It is clear from Figure 5.32 that the single-step etching processes in Table 5.17 
effectively eliminate the visible transition on the etch profile at a pressure of 60 mTorr and 80 
mTorr, and improve the profile smoothness at 100 mTorr. Compare the etch profiles by the 
processes listed in Table 5.17, it can be seen that a discontinuity is about to appear on the 
sidewalls in Figure 5.32 (a) and Figure 5.32 (b), which is characterized by a drastic CD 
decrease from the top to the bottom of the etch profiles. On the other hand, etch profiles 
produced by process (c) and (d) have more continuous sidewalls. However, TSV profile 
etched by process (d) has smaller bowing and more smooth sidewalls compared to process (c). 
(d)  (c) 
(a) (b)  
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Therefore, the POR process for the single-step etching is selected as process (d) in Table 5.17, 
which is again shown in Table 5.18. 
 
Table 5.18 POR single-step TSV etching process used in this study. 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
3000 80 80 200 200 600 
 
  It is important to point out that the transition evolution for a single-step etching process 
may be depending on the process time. A small profile discontinuity appear on the etch profile 
shown in Figure 5.32 (b) for a total process time of 600 s will eventually grow as etch depth 
increases due to continuous ion scattering on the sidewalls. This has been proved by the etch 
profile produced by increasing the total process time from 600 s to 2400 s, as shown in Figure 
5.33. It can be seen that the top part of the etch profile is characterized by large bowing and 
rough sidewalls, but the bottom part is smooth and has multiple transitions. This phenomenon 
shows that the etching/passivation chemistry of the single-step etching method has a more 
complicated scheme than it is expected as a function of surface polymer concentration cs. The 
multiple transition behavior shows that it is the surface reaction velocity is a step function of the 
polymer surface concentration consisting of multiple segments at different cs thresholds, 
instead of a two-segment function distinguished by cs > 0 and cs < 0.   
   
 
Figure 5.33 TSV profile etched by the single-step etching process (b) in Table 5.17 for a total etch 
time of 2400 s. 
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5.3.2 Optimizations on TSV etch rate 
A comparison of the Si ER between the Bosch process and the single-step etching 
immediately reveals an issue about the single-step TSV etching: the ERs realized by the 
single-step etching are much smaller than those by the Bosch processes. The ER decrease is a 
direct result of a small SF6 flow rate and a low pressure used in the single-step etching 
processes.  
As shown in the previous section, increasing pressure, increasing bias voltage, or 
increasing SF6 flow rate all have potential to improve the ER for the single-etch process, but 
each of these methods may bring profile quality problems. It has been discussed that a high bias 
voltage and a high SF6 flow rate is the main cause for the formation of transition(s) on the etch 
profile. Increasing pressure is an effective approach to eliminate the transition, but the 
smoothness of the etch profile is sacrificed at high pressure conditions. In order to maintain the 
smoothness of the etch profile, more passivation is needed for a high-pressure etch process, 
which in return reduces the ER. 
  There are still options can be used for increasing ER in the single-step etching 
nonetheless. It has been shown in Figure 5.25 that decreasing the TCP power from 3000 W to 
1500 ~ 2000 W resulted in a larger ER using the SF6/C4F8 single-step etching. Therefore, in an 
attempt of increasing ER in this section, a TCP power of 1500 W is used for the baseline 
single-step etching process, as shown in Table 5.19. 
 
Table 5.19 Baseline single-step TSV etching process used for ER improvement in Figure 5.34. 
TCP power (W) Vb (V) Pressure (mTorr) SF6 (sccm) C4F8 (sccm) Time (s) 
1500 80 80 175 200 600 
 
Experimental studies have been performed on optimizing the reactant fluxes in a pure 
SF6 or a pure C4F8 plasma by various additive gases, such as Ar and O2 [107,108,109]. It is 
found in these studies that for a SF6 plasma, addition of Ar can significantly increase the 
electron density, and the use of O2 increases the number density of F atoms. For a C4F8 plasma, 
addition of Ar can be used to regulate the ratio of polymerizing neutral flux to ion flux, and the 
addition of O2 can reduce the polymer thickness by O atom etching of deposited film. The etch 
profiles produced by addition of 50 sccm Ar, O2 and SiF4 in the baseline process in Table 5.19 
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are shown in Figure 5.34. The reason for studying additive SiF4 is because it is the major etch 
product of Si-F etching system by 
 𝑆𝑖 + 4𝐹 ⇄ 𝑆𝑖𝐹4 (5.2) 
It is expected that the addition of SiF4 will reduce the Si ER due to the enhancement of the 
reverse reaction of Si etching in equation (5.2).     
 
 
 
 
  
  
  
Figure 5.34 TSV etch profiles realized by addition of 50 sccm Ar, O2 and SiF4 in the baseline 
single-etching process in Table 5.19. 
 
   It can be seen from Figure 5.34 that the addition of Ar slightly reduces the ER, 
compared to the baseline process. It is contradictory to the fact that electron density is 
significantly increased by the addition of Ar, because the densities of positive ions created by 
electron-impact dissociation from SF6 are expected to increase with electron density, so as the 
ER. The reason is the addition of Ar affects the C4F8 dissociation simultaneously and thus it 
produces more polymerizing ions and neutrals through electron-impact dissociation. It is 
found that ion densities increase with the addition of Ar to C4F8 but weakly depend on the 
addition of O2 [24]. Therefore, the addition of O2 mainly increases the densities of etching 
(a) No additive gas (b) Ar 
(d) SiF4 (c) O2 
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species from SF6. This explains why O2 can significantly enhance the ER as shown in Figure 
5.34 (c). Figure 5.34 (d) shows the ER is decreased by the addition of SiF4 as expected. 
However, the sidewall smoothness is found improved by additive SiF4. This indicates that 
SiF4 can be used as a weak passivation gas for the single-step etching processes.  
   Another approach of investigating the ER in the single-step etching is to change the 
etching/passivation flow rate proportionally from the baseline process. With the same 
SF6:C4F8 ratio, three etch processes with different total flow rates are performed for this study. 
The etch profiles are shown in Figure 5.35 and the resulting ER is compared in Figure 5.36. 
 
 
 
 
  
 
 
  
Figure 5.35 TSV etch profiles realized by a SF6 to C4F8 flow rate ratio of (a) 87.5:100 sccm, (b) 
175:200 sccm (baseline), and (c) 262.5:300 sccm. 
(a)  (b)  
(c) 
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Figure 5.36 ER comparison of single-step etching processes at different TCP power. 
 
It is clear that proportionally increasing the SF6 and C4F8 flow rate can effectively 
enhance the Si ER using the single-step etching method. The reason for this behavior is that 
the volatile etch products formed in the etch geometry do not have a chance to decompose in 
the plasma and cause additions to the surface so that the etching mechanisms overweigh the 
passivation mechanisms when total flux is increased. The smoothness of the etch profile at an 
increased flow rate is not significantly degraded in Figure 5.35 (c) because the etching and 
passivation mechanisms are simultaneously enhanced. Therefore, the upper limit for the ER 
increase is constrained by the capability of the maximum SF6 and C4F8 flow rate of the 
etching chamber. 
 
5.4 Summary of Single-Step TSV Etching 
The mechanisms for the single-step TSV etching have been studied by varying 
individual process parameters. It is found that the balance between the etching and 
passivation chemistry are shifted by a mixture of SF6 and C4F8, compared to a pure SF6 
etching chemistry and a pure C4F8 passivation in the Bosch process. This can be related to the 
interactions of the ion and neutrals dissociated from SF6 and C4F8 both in the plasma and on 
substrate surface.  
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An important observation of the etch profiles realized by the single-step etching 
processes is the transition discontinuity formed on the sidewalls. The formation of the 
transition is found to be significantly affected by the bias voltage, pressure and SF6 flow rate. 
However, the direct cause of the transition is proposed in this study as a synergistic 
mechanism of large-angle ion bombardment on the top sidewalls of the etch profile and the 
bottom polymer accumulation caused by the ion-enhanced deposition. There are two 
important consequences of the transition in the etch profile: Firstly, the surface roughness is 
large on TSV sidewalls above the transition, but it decreases significantly on the surfaces 
below the transition. It is proposed that the transition helps to prevent large-angle ions from 
bombarding the sidewalls below it, leading to a decreased CD and increased smoothness after 
the transition. Secondly, the eventual formation of the transition is evolved from a small 
discontinuity on the etch profile. The discontinuity will further grow deeper and wider into a 
small surface facing the opening of the TSVs due to the preferable etching in the vertical 
direction. This mechanism can be applied to all sections of the profile, leading to the 
formation of multiple transitions as etch depth increases at specific experimental conditions.  
Current solution of eliminating the transition in the etch profile is empirical. It is 
concluded from experimental results that decreasing bias voltage, reducing SF6 flow rate, and 
increasing pressure can prevent the transition from forming at an early stage. It can be seen 
that a common result of all these three approaches is to reduce the density of the high-energy 
etching ions from SF6. Therefore, each of these approaches will result in a low ER, and a 
large sidewall roughness on etch profiles, which has been proven by the experimental 
investigation in previous section.  
Etch rate (ER) is a critical aspect for TSV etching. As stated in previous paragraphs, 
the single-step etching approach may have an inherent disadvantage of low ER because it is a 
tradeoff between the ER and profile quality (characterized by smoothness of the profile, or 
whether or not a transition is formed on the sidewalls) when potential methods of improving 
ER is used, such as a high pressure, a high bias voltage and a high SF6 flow rate. It has been 
shown in this study that the ER realized by the single-step etching is found to be significantly 
lower than that by the Bosch processes in an attempt to produce scallop-free and smooth 
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sidewalls.  
The key to improving ER while keeping the etch profile protected by deposited 
polymer film is to increase densities of etching ions in the vertical direction but not depositing 
ions. However, only a Bosch process can have separate control on the etching and passivation 
process by alternating the process chemistries. For the single-step etching, the ions from SF6 
and C4F8 feedstock are simultaneously affected by the same bias voltage applied on the 
substrate, thus increasing the bias voltage may not be a good solution for ER improvement. In 
addition, the use of a high bias voltage in an etching process can quickly remove the mask 
materials, which in return decrease the selectivity and increase the angular distribution of the 
arriving ions.  
In this study, addition of other gases, such as Ar, O2, and SiF4 gases, and 
proportionally increasing the etching and passivation gases, have been employed in 
experiments to increase ER using the single-step etching method. It is found that only the 
methods which can distinguish the etching and passivation mechanisms have potential of 
controlling the balance of the etching and passivation chemistry in the single-step TSV 
etching processes, thus modifying the ER. For example, the addition of O2 can significantly 
increase the F atoms to enhance the etching but it barely changes the densities of the 
polymerizing ions dissociated from C4F8. As a result, additive O2 is able to increase the ER in 
the SF6/C4F8 single-step etching. On the other hand, the addition of SiF4 slows down the Si 
etching reaction but does not significantly affect the passivation processes, leading to an ER 
decrease. Lastly, the addition of Ar modifies the electron densities in the plasma, which 
affects both etching and passivation reactions through electron-impact dissociation, thus it 
does not significantly change the ER, or even slightly reduces the ER because of dilution.  
The single-step etching method for producing TSV profiles has low requirements on 
the etching system, and is capable of etching scallop-free profiles, but its complexity inherited 
in the methodology of combining the etching and passivation chemistries and lacking of 
control on the physical and chemical process of individual plasma species, especially when 
possible etching and passivation interactions can occur in the plasma and on the etching 
surfaces. Further investigation will be performed by comparison of experimental data and 
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simulation results in the following chapter to study the individual effect of the species and 
parameters for the etch profiles. 
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Chapter 6 Comparison of Simulation and Experimental 
TSV Etch Profiles 
Based on the etching mechanisms described in section 4.2.1, the most important 
etching species in a SF6 plasma are the positive ions and F atoms. It has been shown in 
section 4.4.1 for the case of SF6 isotropic etching that the F flux is several orders of 
magnitude larger than the SF3
+ ions for the simulation profile to match with experiments. 
This is reasonable because F atoms can be created during all electron impact dissociation 
processes in a SF6 plasma. Another observed phenomenon from the isotropic etching 
simulation is that a small ratio of the high-energy etching ions is important for accurately 
predicting the etch profiles. Therefore, the dual-energy ion flux will be employed for the SF3
+ 
ions in the Bosch process and single-step etching simulation in this study.  
Previous sections have shown an isotropic etch profile can be successfully predicted 
using the free molecular flow model. The shape of etch profile and the etch rate (ER) obtained 
by the model is in good agreement with the experimental results. It is important to point out 
that some sidewall roughness caused by stochastic motion of individual particle cannot be 
predicted using the free molecular flow method due to the fact that the model considers the 
same type of species collectively as a flow, instead of individual particles. Therefore, 
trajectories of single particles are not elaborated in the etch profile using the molecular flow 
method. However, physical and chemical dynamics of different ion and neutral species can be 
clearly distinguished by the molecular flow model, thus the simulation results should not lose 
any information or phenomena caused by various plasma chemistries and surface interactions 
in the etch profiles. As shown in the Bosch process simulation in 4.4.2, a scalloped-profile can 
be successfully produced by the simulation model established in this study.  
Compared to the Monte-Carlo method, the molecular flow approach emphasizes more 
on the plasma chemistry and surface mechanisms in the TSV etching. This is because in order 
to predict the TSV etch profiles produced by either the Bosch processes or the single-step 
etching, appropriate etching and passivation mechanisms need to be assumed for correctly 
simulating the etching and passivation kinetics. Since the etching and passivation mechanisms 
are represented by the characteristics of ions and neutrals in plasma and on surface, the 
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significance of each flux for an etching process can be investigated when experimental data 
and simulation results are compared. This investigation will be introduced and discussed in 
the following sections for the Bosch process and single-step etching, respectively. 
 
6.1 Bosch Process 
  In the study of etch profiles simulation using a Bosch process, the mechanism of Si 
etching is considered the same as in the SF6 isotropic etching case. Two SF3
+ ions with 
different energy and angular distribution, and a F atom flux are considered for all the Bosch 
processes. As mentioned in the SF6 isotropic etching study in section 4.4.1, the angular 
distribution of the low-energy SF3
+ ions is found to be as large as tan−1(𝑤/ℎ) = tan−1(8/5), 
and those ions with even larger incident angles are blocked by the mask, it is therefore 
assumed that the angular spread of the low-energy ions is tan−1(8/5) in the Bosch process 
simulation. On the other hand, the angular spread of the high-energy ions is calculated using 
equation (4.58), which is shown as the following once again   
 𝜎𝑐𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑 = tan
−1 (
√𝐸𝑖𝑜𝑛,𝑝
√𝐸𝑖𝑜𝑛,𝑠 −√𝐸𝑖𝑜𝑛,𝑝
) (4.58) 
For the passivation phase in a Bosch process, the surface concentration of the deposited 
polymer film (mol/m
2
) is calculated by equation (4.64), which is again shown here    
 𝑐𝑠(0) =
1
𝑁𝑎
𝐾𝐶𝐹3+𝛤𝐶𝐹3+𝑡𝑝 =
1
𝑁𝑎
𝛤𝐶𝐹3+𝑡𝑝 (4.64) 
For the baseline Bosch process shown in Table 5.1, the etch profile calculated by the 
simulation model has the best match with the experimental profile by calibrating the flux of 
the SF3
+ and CF3
+ ions with ER and CDs at TSV top, middle, and bottom, as shown in 
Figure 6.1. These parameters are listed in Table 6.1. 
 
Table 6.1 Variables used in the simulation model for the baseline Bosch process 
C4F8 Passivation Phase SF6 Etching Phase 
 Γ (m-2s-1) K𝑖𝑜𝑛 t𝑝 (s)  Γ (m
-2
s
-1
) E (eV) Y𝑖𝑒  σ (°) s t𝑒 (s) 
CF3
+ 1.2×1021 1 0.5 
SF3
+ 1.0×1021 230 15 1.74 1 
0.7 SF3
+ 1.5×1021 30 5 58.0 1 
F 1.36×1025 N/A N/A N/A 0.24 
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Figure 6.1 Comparison of (a) experimental etch profile and (b) simulation result for the baseline 
Bosch process. 
 
  It can be seen from Figure 6.1 that the simulation profile and experimental profiles 
show similar morphology. The predicted profile have slightly larger etch depth and CD 
compared to the experimental profile, indicating that the surface concentration of the 
passivation polymer is slightly underestimated in the simulation model in Table 6.1. This is 
probably because there are polymerizing ions other than CF3
+ can be dissociated from a C4F8 
plasma and participate in the polymerization process.  
  A phenomenon observed from the experimental etch profile produced by the baseline 
Bosch process is that there are a few scallops visible on the magnified SEM image at the top 
of the TSV profile. This is successfully predicted by the simulation model, as shown in Figure 
6.2. A main advantage of the simulation model established in this study is that it allows the 
user to plot individual ion and neutral distributions at all surface locations at any given time. 
It is found that the low-energy ion flux with large angular spread is the main reason for the 
top scallops, as plotted in Figure 6.2 (b). The number density of low-energy ions decreases 
significantly with etch depth, and the scallops are not clearly visible below a depth of about 
10 μm when the number density of the low-energy ions is below 5×1019 m-3. 
 
 
(a) (b) 
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Figure 6.2 Scallops produced at the top of the (a) experimental etch profile and predicted by the 
(b) simulation model for the baseline Bosch process. 
 
  The parameter ramping simulation can be easily integrated into the model established 
for the Bosch process in this study. It has been discussed that modifications on some 
experimental parameters, such as pressure, SF6 flow rate, and TCP power, can result in 
changes of multiple variables in the simulation model. This correspondence has been shown 
in Table 4.6. The quantitative relation between an experiment parameter and its corresponding 
variables is obtained from experimental data from our plasma chemistry study or theoretical 
calculations from other references. The pressure ramping can be used as an example due to it 
affects the ion flux, neutral flux, and possibly ion angular distributions simultaneously. For 
the pressure range in this study, i.e. 80 ~ 200 mTorr, it can be assumed that the density of F 
flux is linearly increasing with pressure because F atoms can be created in almost all SF6 
dissociation processes. However, SF6 chemistry study in section 3.1 shows that the number 
density of SF3
+ ions is slightly increased from a pressure of 40 mTorr to 80 mTorr. For 
low-pressure SF6 plasmas (pressure less than 20 mTorr), Goyette et al. [110] has also 
concluded that the number density of SF3
+ ions increases with pressure. However, it is 
known that when the pressure is sufficiently high, the ion density will decrease due to 
collision. Liu et al. [111] has measured the ion angular distribution (IAD) as a function of 
pressure. They found the σ of IAD increases from 4° at a pressure of 10 mTorr to 12° at 500 
mTorr at a bias voltage of 130 V. This result indicates that the IAD increases slowly with 
pressure in a wide range, thus it is safe to treat the value of σ as a linear function of pressure. 
   With the considerations described in the previous paragraph, the pressure ramping 
(a) (b) 
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Bosch process shown in Table 5.3 can be simulated by adding the time dependence of the F 
density and the IAD of the SF3
+ ions. The variables used for this simulation are listed in 
Table 6.2 and the resulting etch profile is compared with the experimental profile in Figure 
6.3. 
 
Table 6.2 Variables used in the simulation model for the pressure ramping Bosch process (only 
etching phase is shown in the table, t is the total process time) 
SF6 Etching Phase (Pressure ramping from 160  115 mTorr in 360 s) 
 Γ (m-2s-1) E (eV) Y𝑖𝑒  σ (°) s t𝑒 (s) 
SF3
+ 1.0×1021 230 15 1.74[1−45t/(360×160)] 1 
0.7 SF3
+ 1.5×1021 30 5 58.0[1−45t/(360×160)] 1 
F 1.36×1025[1−45t/(360×160)] N/A N/A N/A 0.24 
   
  
  
Figure 6.3 Comparison of (a) experimental etch profile and (b) simulation result for the pressure 
ramping Bosch process shown in Table 5.3. 
 
  It can be seen that the simulation profile successfully predicts the increase of the 
bottom CD when the pressure is ramping down during the process. More importantly, the 
simulation shows that reason for the bottom CD increase is because of the IAD decrease. 
However, it is noticed that the resulting ER of the simulation profile is significantly larger 
than the experimental ER, even with a lower number density of F atoms. This result indicates 
that the SF3
+ ions are critical for the Si etching, and the density decrease of SF3
+ ions at a 
reduced pressure needs to be considered in the model. Using the linear pressure dependence 
of SF3
+  flux (flux times a factor of [1−45t/(360×160)]), the simulation TSV profiles 
considering the time dependence of (a) low-energy SF3
+ ions and (b) both high-energy and 
low-energy SF3
+ ions are shown in Figure 6.4. 
(a) (b) 
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Figure 6.4 Modification on pressure ramping simulation considering the time dependence of (a) 
low-energy 𝐒𝐅𝟑
+ ions and (b) both high-energy and low-energy 𝐒𝐅𝟑
+ ions. 
 
  It can be seen from Figure 6.4 (a) that the low-energy SF3
+ ions does not affect the ER 
significantly, compared to Figure 6.3 (b). However, the high-energy SF3
+ ions is a major 
factor in determining the ER of the etch profile. The simulation in Figure 6.4 (a) is in good 
agreement with the experimental profile in Figure 6.3 (a) when the time dependence of all 
SF3
+ ions and neutral F flux are considered. 
  For the Bosch process with the addition of SF6 flow rate ramping, the best match of 
the experimental profile and the simulation is obtained when the number densities of neutral F 
atoms and the low-energy SF3
+ ions decrease linearly with flow rate but the density of the 
high-energy SF3
+ ions remains the same. The angular spread is assumed to be decreasing 
with SF6 flow rate. The variables used for this simulation are listed in Table 6.3, and the 
comparison of the experimental and simulation results is shown in Figure 6.5. 
 
Table 6.3 Variables used in the simulation model for the pressure and SF6 flow rate ramping 
Bosch process (only etching phase is shown in the table, t is the total process time) 
SF6 Etching Phase (Pressure ramping from 160  115 mTorr, SF6 flow rate ramping from 700  
480 sccm in 360 s) 
 Γ (m-2s-1) E (eV) Y𝑖𝑒  σ (°) s t𝑒 (s) 
SF3
+ 1.0×1021[1−45t/(360×160)] 230 15 
1.74[1−45t/(360×160)]× 
[1-220t/(360×700)] 
1 
0.7 SF3
+ 
1.5×1021[1−45t/(360×160)]× 
[1-220t/(360×700)] 
30 5 
58.0[1−45t/(360×160)]× 
[1-220t/(360×700)]  
1 
F 
1.36×1025[1−45t/(360×160)]× 
[1-220t/(360×700)] 
N/A N/A N/A 0.24 
 
(a) (b) 
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Figure 6.5 Comparison of (a) experimental etch profile and (b) simulation result for the pressure 
and SF6 flow rate ramping Bosch process shown in Table 5.4. 
 
  In the Bosch process simulation, the impact of the additive SF6 in the passivation 
phase is considered as an effect on the thickness of the polymer deposition, or the surface 
concentration cs. As a result, the surface concentration of deposited polymer film decreases 
with the additive SF6 flow rate. For a CF3
+ ion density of 1.2×10
21
 m
-2
s
-1
 used in the baseline 
Bosch process, the value of cs calculated by equation (4.64) yields 0.0001 mol/m
2
. If the 
additive SF6 in the passivation phase is merely a dilution gas for the deposition species, the 
calculated cs is 0.00008 mol/m
2
 for a SF6 flow rate of 50 sccm in this optimization. The 
simulation etch profile is shown in Figure 6.6 (b) and can be used compared with the 
experimental result in Figure 6.6 (a). It is clearly seen from the comparison that although the 
overall CD is increased from the non-SF6 addition case shown in Figure 6.5 (b), the bottom 
CD of the simulation profile is still much smaller than the experimental result. This indicates 
that the impact of the additive SF6 on cs is more significant than dilution. Therefore, etch 
profiles produced at even smaller polymer cs’s are simulated and shown in Figure 6.6 (c) ~ (f). 
It can be seen that the bottom CD increases as cs is reduced, and the best match is obtained 
when cs is assumed as 0.00001 mol/m
2
 (Figure 6.6 (e)), which is only 1/20 of the cs when no 
SF6 is added at the passivation phase. This verifies that the interactions between SF6 and C4F8 
significantly hinder the C4F8 passivation.  
  Another observation seen from Figure 6.6 is that the ER is not strongly enhanced 
when the value of cs is reduced. This is because that the deposited polymer at the bottom is 
(a) (b) 
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quickly removed by the high-energy ions in the etching phase, so that the actual reaction time 
between Si and SF6 is almost the duration of the etching phase 𝑡𝑒.   
  
  
  
  
  
  
  
Figure 6.6 Comparison of (a) experimental etch profile using the process in Table 5.5 and 
simulation results with a polymer surface concentration cs of (b) 0.0008 mol/m
2
, (c) 0.0004 mol/m
2
, 
(d) 0.0001 mol/m
2
, (e) 0.00005 mol/m
2
 (best match), and (f) 0.00001 mol/m
2
. 
 
  Finally, the POR Bosch process Table 5.6 is simulated by adding the effect of the bias 
voltage ramping in the model. The bias voltage Vb mainly affects the angular distribution of 
(a) (b) 
(c) (d) 
(e) (f) 
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ions in the simulation. The time dependence of the angular spread σ of SF3
+ ions can be 
derived by equation (4.58), assuming the ion energy of SF3
+ is a linear function of the total 
process time t. The resulting σ(t) is plotted in Figure 6.7 when Vb is ramped down from 200 V 
to 130 in 360 s. It can be clearly seen that the half-with of ions increases with time but is not a 
linear function of time. The variables used in the simulation model for the POR Bosch process 
is listed in Table 6.4 and the resulting simulation profile is compared with the experimental 
profile in Figure 6.8.  
 
Figure 6.7 Time dependence of the angular spread of 𝐒𝐅𝟑
+ ions when Vb is linearly ramped down 
from 200 V to 130 V in 360 s.  
 
Table 6.4 Variables used in the simulation model for the POR Bosch process in Table 5.6 (only 
etching phase is shown in the table, t is the total process time) 
SF6 Etching Phase (Pressure ramping from 160  115 mTorr, SF6 flow rate ramping from 700  
480 sccm, Vb ramping from 200  130 V in 360 s) (𝒄𝒔 = 𝟎. 𝟎𝟎𝟎𝟎𝟎𝟓 𝒎𝒐𝒍/𝒎
𝟐) 
 Γ (m-2s-1) E (eV) Y𝑖𝑒  σ (°) s 
t𝑒 
(s) 
SF3
+ 1.0×1021[1−45t/(360×160)] 230−70t/360 15 
 σ(t)× 
[1−45t/(360×160)]× 
[1-220t/(360×700)] 
1 
0.7 
SF3
+ 
1.5×1021[1−45t/(360×160)]× 
[1-220t/(360×700)] 
30 5 
58.0[1−45t/(360×160)]× 
[1-220t/(360×700)]  
1 
F 
1.36×1025[1−45t/(360×160)]× 
[1-220t/(360×700)] 
N/A N/A N/A 0.24 
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Figure 6.8 Comparison of (a) experimental etch profile and (b) simulation result for the POR 
Bosch process in Table 5.6. 
 
  The comparison of simulation profiles Figure 6.8 (b) and Figure 6.6 (e) clearly shows 
that ramping down the bias voltage mainly affects the bottom CD. This observation is in good 
agreement with the experimental results. However, the top bowing is overestimated by the 
simulation model. This is because in reality, the average ion angular distributions of both 
etching ions (SF3
+) and passivation ions (CF3
+) are widened when the bias voltage is reduced, 
but in the simulation model, the time dependence of the CF3
+ ion distribution cannot be 
integrated since the polymer surface concentration is mapped onto the mesh system as the 
initial condition for each etching/passivation cycle. However, it can be seen that the prediction 
of the ER and the profile evolution by the simulation model is in very good agreement with 
the experimental results. 
  A major application of the simulation model established for the Bosch process is to 
predict the etch profile when the geometry changes. So far in this study, a mask thickness of 5 
μm has been used for all TSV wafers in the experimental study. If a different mask thickness 
is used, the number densities of the neutrals and ions arriving at TSV surface will be modified 
but the ion angular distribution will remain the same. Therefore, the Si etching yield Y𝑖𝑒 by 
the ion-enhanced etching mechanism will be different due to a different neutral-to-ion ratio. 
Y𝑖𝑒 can be treated as a linear function of the neutral-to-ion ratio when the number density of 
neutral species is much larger than that of the ions [88,90], which is the case in this study. The 
predicted etch profile by the model is compared with the experimental profile in Figure 6.9, 
for a mask thickness of 7 μm. The Si etching yield is calculated as 14.59 and 4.68 for the 
(a)  (b)  
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high-energy SF3
+ ions and low-energy SF3
+ ions from the number density of the incident F 
flux arriving at the surface, respectively. 
 
  
  
Figure 6.9 Comparison of (a) predicted etch profile by the simulation model and (b) experimental 
profile using the POR Bosch process for a mask thickness of 7 μm. 
 
  It can be seen from Figure 6.9 that the simulation model predicts the ER decrease 
when the thickness of the mask is increased. However, the average CD of the predicted etch 
profile is overestimated. This is found to be related to the CD decrease from the mask open 
step, it is clearly seen from Figure 6.10 that the CD is reduced from 8 μm at the top of the 
mask to 7.70 μm at the bottom in the experimental profile due to the ARDE mechanism. With 
this consideration, the simulation profile is re-calculated and shown in Figure 6.11, which 
agrees with the experimental profile shown in Figure 6.9 (b). 
 
Figure 6.10 The CD decrease observed in the experimental etch profile for a mask thickness of 7 
μm. 
 
(a) (b) 
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Figure 6.11 Simulation TSV etch profile for a mask thickness of 7 μm after considering the mask 
width decrease. 
 
6.2 Single-step Etching  
6.2.1 Mechanism for transition formation 
It has been shown experimentally in previous sections that a transition can be formed 
on the TSV profile using the single-step etching method, especially when the bias voltage Vb 
is large and the SF6 flow rate is high. The inherent reason for the formation of the transition is 
the discontinuity in the etching/passivation chemistry when the ratio of etching and 
passivation varies at different surface locations. This ratio can be expressed by the polymer 
surface concentration cs in the simulation model for the single-step etching. As it is stated in 
previous sections, the value of cs indicates of the possibility of surface reaction and therefore 
determines the surface etching velocity. More importantly, the phenomenon that multiple 
transitions can be formed on the TSV profile indicate that a multi-segment surface reaction 
function in terms of the polymer surface concentration, cs. In this section, a more detailed 
surface reaction velocity function is used in the simulation model as a comparison of equation 
(4.70). This surface reaction velocity function is expressed by    
 𝑣𝑛 =
{
 
 
 
 
(𝐸𝑅𝑡ℎ + 𝐸𝑅𝑖𝑒), 𝑓𝑜𝑟 𝑐𝑠 < 0
(𝐸𝑅𝑡ℎ + 𝐸𝑅𝑖𝑒) × 0.8 [𝑒𝑥𝑝 (−
𝑐𝑠
1000
)] , 𝑓𝑜𝑟 0 < 𝑐𝑠 < 1
(𝐸𝑅𝑡ℎ + 𝐸𝑅𝑖𝑒) × 0.1 [𝑒𝑥𝑝 (−
𝑐𝑠
10
)] , 𝑓𝑜𝑟 𝑐𝑠 > 1 
 (6.1) 
  It can be seen that equation (6.1) has included three regimes of etching/passivation 
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chemistries: (1) surface locations not covered by polymer films (𝑐𝑠 < 0), where the surface 
reaction velocity is the sum of the thermal etching and the ion-enhanced etching mechanisms; 
(2) surface locations partially covered by polymer films (0 < 𝑐𝑠 < 1), where the surface 
reaction velocity is reduced by the polymer passivation and slowly decreased by the surface 
concentration of the deposited polymer films; (3) surface locations completely covered by 
polymer films (𝑐𝑠 > 1), where the surface reaction velocity is very slow due to the polymer 
passivation and significantly decreased by the surface concentration of the deposited polymer 
films.   
  Using the deformation velocity in equation (6.1), the appearance positions of the 
transition formed at the bottom of the TSV profiles as a function of bias voltage Vb are 
investigated. Parameters used in the simulation is corresponding to an experimental condition 
of a gas flow rate of 200/200 sccm SF6/C4F8 and a pressure of 60 mTorr. For the three major 
ions species considered in the model (high-energy SF3
+ ions, low-energy SF3
+ ions, and 
CF3
+ ions), the angular spreads σ’s used to best match the transition location at a Vb of 100 V, 
200 V, and 300 V are listed in Table 6.5, and the resulting formation of the transition 
computed by the model is compared with the experimental profiles in Figure 6.12.  
  
Table 6.5 List of angular spread 𝛔 for the ion species considered in a single-step etching 
processes at different Vb’s ( 𝜞𝑭 = 𝟏. 𝟑𝟔 × 𝟏𝟎
𝟐𝟒  m
-2
s
-1
, 𝜞𝑺𝑭𝟑
+(𝒉𝒊𝒈𝒉 𝑬) = 𝟐. 𝟓 × 𝟏𝟎𝟐𝟎  m-2s-1, 
𝜞𝑺𝑭𝟑
+(𝒍𝒐𝒘 𝑬) = 𝟔 × 𝟏𝟎𝟐𝟏 m-2s-1, 𝜞𝑪𝑭𝟑
+ = 𝟏. 𝟕 × 𝟏𝟎𝟐𝟑 m-2s-1, 𝜞𝑪𝑭𝟐 = 𝟏. 𝟏 × 𝟏𝟎
𝟐𝟐 m
-2
s
-1
) 
Vb (V) CF3
+ SF3
+ (high E) SF3
+ (low E) 
100 86.8° 2.34° 43.0° 
200 61.0° 1.74° 26.0° 
300 50.0° 1.44° 23.5° 
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Figure 6.12 Comparison of the transitions in the experimental TSV profiles and calculated by the 
simulation model at a Vb of (a) 300 V, (b) 200 V, and (c) 100 V. 
    
  It can be seen from Figure 6.12 that both of the experimental results and the 
simulation model predicted that a transition is formed at the bottom of the TSV profile at a Vb 
of 200 V and 300 V, but no transition is formed at 100 V. The CD of the TSV below the 
transition calculated by the simulation is in good agreement with the experimental results 
using the parameters in Table 6.5. The reason for the transition formed at a certain position is 
that the cs values of the two sides (left and right) with respect to this position fall into different 
(d) (b) 200 V 
(c) 100 V 
(a) 300 V 
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regimes in equation (6.1), thus a discontinuity appears in the etching profile due to different 
surface reaction velocities. The inherent cause of the cs difference is the competition between 
the polymer-sputtering ions (SF3
+) and the polymer-depositing ions (CF3
+) at different surface 
locations due to their different ion angular distributions. The initial cs distributions at a Vb of 
200 V and 100 V are shown in Figure 6.13. A comparison of the simulation profile in Figure 
6.12 (a) and Figure 6.13 clearly shows that the transition is initially formed at the locations 
where the value of cs becomes 0 and will involve with time.  
 
 
 
Figure 6.13 Initial cs distribution at a Vb of (a) 200 V and (b) 100 V. The transition will be formed 
at the two positions where cs is 0 at 200 V. However, no transition will be formed at 100 V because 
the initial values of cs is larger than 0 at all surface locations. 
   
(a) 200 V 
(b) 100 V 
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6.2.2 Transition prediction by the single-step etching simulation model 
  Previous section has described the inherent mechanism for the transition formation on 
the TSV profiles produced by the single-step etching method. It is important to point out that 
of all angular spread parameters in Table 6.5, only the angular spread of the high-energy SF3
+ 
ions is obtained from theoretical calculation using equation (4.58), other angular spreads, 
including the angular spreads of the low-energy SF3
+ ions and CF3
+ ions, are obtained by 
matching the simulation results to the experimental profiles. In this study, a general criterion 
of validating the value of assumed angular spread σ is that the value of σ should decrease 
when Vb is increased. With the σ values obtained in Table 6.5, the best-fit functions can be 
found for the low-energy SF3
+  ions and the CF3
+ ions, respectively. These functions are 
shown in Figure 6.14. Combined with equation (4.58), a complete set of equations for all ions 
species considered in the single-step etching model is listed in equation (6.2). The equation 
set expresses the relation between the angular spread σ and the bias voltage Vb. Therefore, 
they can be used to estimate the σ value at any other Vb within a reasonable range.  
 
Figure 6.14 Fit functions for angular spread 𝛔 of the low-energy 𝐒𝐅𝟑
+ and 𝐂𝐅𝟑
+ ions. 
 
 𝜎(°) =
{
  
 
  
 tan−1 (
√0.2
√𝐸𝑖𝑜𝑛(𝑉) − √0.2
) , 𝑓𝑜𝑟 ℎ𝑖𝑔ℎ 𝐸 𝑆𝐹3
+ 𝑖𝑜𝑛𝑠 
171.9 × 𝑒𝑥𝑝 (−
𝑉𝑏(𝑉)
46.0
) + 23.4, 𝑓𝑜𝑟 𝑙𝑜𝑤 𝐸 𝑆𝐹3
+ 𝑖𝑜𝑛𝑠
105.1 × 𝑒𝑥𝑝 (−
𝑉𝑏(𝑉)
118.3
) + 41.7, 𝑓𝑜𝑟 𝐶𝐹3
+ 𝑖𝑜𝑛𝑠 
 (6.2) 
   Using the equation set (6.2), TSV etch profiles produced by the single-step etching 
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method can be predicted. Since the bias voltage Vb and the SF6 flux are the two most 
important factors for the formation transition, the effects of Vb and SF6 flux will be studied 
with the simulation model individually.  
  In the previous section, simulation study and experimental results has both shown that 
a transition will be formed on the TSV profile at a Vb of 200 V but not at 100 V. It is expected 
that the threshold bias voltage for forming the transition is between 100 ~ 200 V. Therefore, it 
will be interesting to see if a transition can be formed at a Vb of 150 V. On the other hand, in 
order to test the applicable range of the established simulation model, a simulation profile 
using the Vb values beyond 300 V is necessary. As a result, the simulation profiles at a Vb of 
150 V and 350 V are computed using the established single-step etching model in the 
previous section, as shown in Figure 6.15. The simulation model is then compared with the 
experimental profiles, as shown in Figure 6.16.  
  Compare the simulation results and the experimental profiles, it can be seen that 
several important trends has been successfully predicted by the simulation model. Firstly, it is 
predicted by the simulation that the transition is formed at a Vb as low as 150 V, as can be 
seen in both Figure 6.15 (a) and Figure 6.16 (a). Secondly, the simulation model successfully 
predicted the position at the bottom of the TSV profile where the transition is formed for both 
bias voltages. It is predicted by the simulation model that the CD of the TSV profile decreases 
when Vb is increased from 150 V to 350 V, which agrees well with the experiments. Lastly, it 
is shown in the simulation profile that the transition step in the etch profile is small at a Vb of 
150 V due to the CD decrease as etch depth increases. However, a sharper transition step is 
clearly seen at a Vb of 350 V in the simulation profile. The same trend has been observed 
from the experimental profiles in the overall profiles shown in Figure 6.16. It is noticed that 
the slope of the sidewalls above the transition is larger (meaning less vertical sidewalls) when 
a smaller Vb (150 V) is applied. Since the only variables modified in the simulation model at 
different bias voltages are the ion angular spreads, it can be concluded that the sidewall 
incline (CD decrease) at a small Vb is caused by the larger ion angular spreads of all ion 
species.  
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Figure 6.15 Prediction of the TSV etch profiles by the simulation model at a Vb of (a) 150 V and 
(b) 350 V using the angular spread 𝛔 calculated by equation (6.2).  
 
 
  
  
  
  
Figure 6.16 Experimental TSV profiles produced at a Vb of (a) 150 V and (b) 350 V, as compared 
to the simulation profiles in Figure 6.15.  
 
  Another important factor for the transition formation in the TSV profile etched by the 
single-step etching method is the SF6 flow rate. It has been shown experimentally in section 
5.2 that the addition of SF6 can induce the formation of the transition in the etch profile, and 
(b) 350 V (a) 150 V 
(a) 150 V (b) 350 V 
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the cause of this observation is speculated as the enhancement of ion sidewall etching. It has 
been shown in Figure 6.12 (c) that no transition will be formed in the TSV profile at a SF6 gas 
flow of 200 sccm and a C4F8 gas flow of 200 sccm at a bias voltage of 100 V. The simulation 
and experimental profiles are shown in Figure 6.17 (a) and Figure 6.18 (a) again for 
comparison purposes.  
  Since increasing the SF6 flow rate will initiate the transition formation in the etch 
profile, it is convenient if the simulation model can be used to predict the threshold of the SF6 
gas flow rate when the transition starts to appear in the etch profile. Therefore, a simulation 
profile produced at an increased SF6 gas flow of 225 sccm (Figure 6.17 (b)) is calculated and 
compared with the profile produced at a SF6 flow rate of 200 sccm. The simulation results 
predict that a transition will start to show on the profile when the SF6 flow rate is increased 
from 200 sccm to 225 sccm. This prediction shows that the threshold of SF6 flow rate for the 
transition formation is between 200 sccm and 225 sccm at a bias voltage of 100 V. The 
experiment using these conditions is then performed to compare with the simulation profiles, 
as shown in Figure 6.18. It is clear that the simulation model successfully predict the 
appearance of the transition at an increased SF6 gas flow of 225 sccm. The CD of the TSV 
below transition is about 2% smaller than the experiment profile, which may result from the 
dilution effect of the SF6 for the passiviation mechanisms. 
  The inherent mechanism for dependence of the transition formation on the SF6 flow 
rate can be explained by the simulation model. From a flow rate of 200 sccm to 225 sccm, the 
flux of SF3
+ ions is increased linearly with the SF6 flow rate but all the other variables in the 
model remain the same. Therefore, the transition formation is indeed caused by the 
enhancement of the SF3
+ ion sputtering.  
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Figure 6.17 Comparison of the transitions in the experimental TSV profiles and calculated by the 
simulation model at a SF6 flow rate of (a) 200 sccm and (b) 225 sccm, the C4F8 flow rate is kept at 
200 sccm. 
 
 
  
Figure 6.18 Experimental TSV profiles produced at a SF6 flow rate of (a) 200 sccm and (b) 225 
sccm, the C4F8 flow rate is kept at 200 sccm. 
 
6.3 Chapter Summary  
Simulation models have been established and applied to predict the TSV etch profiles 
produced by both Bosch process and single-step etching. Several major advantages of the 
molecular flow model used in this study include: (1) The effect of high-energy and 
low-energy etching species (SF3
+ ions) can be individually manipulated in the study of their 
effects in the TSV etching. (2) A time-dependent parameter ramping mechanism is considered 
in the simulation model in the Bosch process. (3) The ion-enhanced polymer sputtering and 
polymer deposition is considered as an integral of all incident ion fluxes arriving at any 
(a) 200 sccm SF6 (b) 225 sccm SF6 
(a) 200 sccm SF6 (b) 225 sccm SF6 
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surface orientation by considering their angular dependence.  
With these advantages, the simulation of the Bosch process is realized by integrating 
the etching and passivation model in an alternating manner. In the simulation model, the etch 
rate (ER) realized by the experimental profile has been paired with the ion and neutral fluxes. 
The predicted effect of the pressure, bias voltage, SF6 flow rate computed by the simulation 
model all agrees well with the experimental profiles. More importantly, some detailed profile 
feature observed from the experimentsal profiles, such as top scallops and ARDE, has been 
successfully observed in the simulation results. As an application of the simulation model, a 
TSV etch profile produced using a different photoresist mask is modeled and compared with 
the experimental profile. The comparison shows that the simulation model can successfully 
predict both the ER and morphology of the TSV etched by a Bosch process. 
It is stated in previous sections that for the single-step etching processes, etching and 
passivation chemistries are not simply an addition of the SF6 etching and C4F8 passivation. 
Instead, the species dissociated from SF6 and C4F8 are probably interacting with each other. It 
is noticed by comparing the fluxes of etching and passivation in the simulation model that the 
passivation mechanism is enhanced by the interactions between SF6 and C4F8 in order to 
match the morphology of the etch profiles. One of most important feature of the TSV profiles 
formed using the single-step etching, the transition, is verified by the simulation model to be 
originated in a discontinuous chemistry depending on the surface polymer concentration. The 
model successfully correlates the bias voltage Vb and SF6 flow rate to the positions where the 
transition is initiated. Predictions of the transition formation have been compared with the 
experimental profiles. It is found by the simulation that the transition starts to form at a bias 
voltage between 100 V and 150 V when the SF6:C4F8 ratio is 200:200 sccm, and at a SF6 flow 
rate between 200 sccm and 225 sccm when the Vb is 100 V. These results agree well with the 
experiments. 
Several phenomena observed from both simulation and experiments indicate the 
effects of low-energy SF6 and high-energy SF6 are very different for the single-step TSV 
etching process. Firstly, the bowing effect of the etch profile produced by the single-step 
etching method is small compared to Bosch process. Secondly, the bottom surface of the etch 
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profile produced by a single-step etching process is always flat. These observations indicate 
that the large-angle spread and low-energy SF3
+ ions do not significantly introduce lateral 
etching on the sidewalls and the bottom of the TSV profile, otherwise the variation of ion 
density on the bottom surface will produce a center-fast etching profile because the ion flux is 
significantly higher at the center of bottom surface than at the corners. Therefore, the TSV 
etching is mainly induced by small-angle spread and high-energy SF3
+ ions. It can be seen 
from the simulation model that the flux of the low-energy SF3
+ ions is much larger than that 
of the the high-energy SF3
+ ions when the model is matched with the experiments. This 
explains why the ER of single-step etching is much smaller compared to a Bosch process 
even if the etching mechanism is continuous. It is also possible that part of the low-energy 
SF3
+ ions may even participate in the polymer deposition process but no direct proof has been 
found to validate it. However, it can be concluded from the comparison of the simulation 
results and experiments that the low-energy SF3
+ ions mainly participate in the polymer 
sputtering process and the high-energy SF3
+ ions are the dominating species for Si etching in 
single-step etching processes. 
 
 
 
 
  
165 
 
Chapter 7 Conclusions and Directions for Future Research 
7.1 Conclusions 
  Two approaches of TSV etching methods have been investigated and optimized in this 
study, the Bosch process and the single-step etching. TSVs etched by traditional Bosch 
process are characterized by scallops on the sidewalls, due to the alternating 
etching/passivation nature of the Bosch process method. Other issues of the TSVs etched by 
the Bosch method include profile bowing and low etch rate. A major purpose of this work is 
to exploit solutions of producing high aspect ratio, smooth TSV profiles at a high etch rate.  
  In this study, SF6 is used as the etching gas and C4F8 is used as the passivation gas for 
all Bosch process. In order to understand the etching and passivation mechanism induced by 
the SF6 and C4F8 plasmas, the chemistries of the SF6 etching and C4F8 passivation has been 
experimentally studied by the mass spectroscopy technique at different TCP power and 
chamber pressure. It is found that the SF3
+ and F−  are the dominating positive and negative 
peaks in a pure SF6 discharge. More importantly, the energy spectra showed that the ion 
energy distributions (IEDs) of SF3
+ and F−  are characterized by multiple energy peaks, 
indicating other ion generation mechanisms besides direct acceleration by bias voltage. For a 
pure C4F8 plasma, it is found that CF3
+ and CF+  is the most dominant positive ions and F−  
is the dominating negative ion species. This observation disagrees with the assumption that 
the major branching of C2F4 dissociation is to take the dissociation path of producing CF2 
molecules and CF2
+  ions. Since CF2
+  ions are observed as a minor species in the 
experimental conditions in this study, it is concluded that the major reaction products of C2F4 
are CF3
+ and CF+  ions. The neutral species is identified by the appearance potential method 
using the mass spectrometer. It is found F is the dominant neutral species in both SF6 and 
C4F8 plasmas and its intensity increases significantly as pressure. However, the intensity of 
CF and CF3 neutrals in a C4F8 has the highest count at a pressure of 40 mTorr and a lowest 
count at a pressure of 80 mTorr. This again indicates that the dissociation path of C4F8 
depends significantly on pressure.  
  A mechanism of multiple dissociation paths has been applied to explain the 
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multiple-peak behavior of the SF3
+ IEDs in SF6 plasmas. This mechanism explains the 
pressure behavior of the IEDs of the SF3
+  ions. At a low pressure, the SF3
+  ions are 
generated by the direct dissociation of SF6 and multi-step dissociation from SF5 and SF4 
formed in the plasma. Therefore, there are one or multiple energy peaks shown in the energy 
spectra. However, high-energy ions are subject to thermalization process at a high collision 
frequency, resulting in a large low-energy peak at a pressure of 80 mTorr.  
  The TCP power effect on the generation of the ion and neutral species is investigated 
in this study. It is found that the ion fluxes simply increase as TCP power for both positive 
and negative ions in a pure SF6 or a C4F8 plasma, mainly due to higher ion generation rates by 
electron-impact ionization processes at a higher TCP power.  
  Comparison between the intensity of the species generated in a pure SF6 or a pure C4F8 
plasma and in a SF6/C4F8 plasma is important for understanding interactions between SF6 and 
C4F8. It is found that the densities of all positive ions are reduced in the SF6/C4F8 plasma, 
compared to a pure SF6 plasma and a pure C4F8 plasma at the same partial pressure, indicating 
weak electron-impact ionizations in a SF6/C4F8 plasma. On the other hand, the density of the 
neutral F is much higher in the SF6/C4F8 plasma than the sum of that in the pure SF6 and C4F8 
plasmas. However, the polymer forming monomers, such as CF2, CF3 and C2F3, are increased 
in the SF6/C4F8 plasma. This implies that the passivation mechanism is enhanced when a 
SF6/C4F8 plasma is used in the TSV etching. 
  In order to address the TSV profile issues etched by the Bosch process, hardware 
improvement and process modification have been investigated in this study. The Syndion C 
etcher used in this study is capable of stably alternating process parameters within 1 second. 
This improvement can significantly decrease the size of the scallops formed on the TSV 
sidewalls, but not eliminate them. Parameter ramping has been performed on the bias voltage, 
pressure, and SF6 flow rate in etching and passivation phase in the Bosch process to improve 
sidewall smoothness and control bowing effect. A post-etch NF3/O2 plasma treatment has 
been used to successfully eliminate the scallops on the profile sidewalls but it creates a 
ring-shaped discontinuity at the bottom of the profile.  
  The single-step etching method is developed in this study as an alternative TSV 
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etching approach by introducing the etching and passivation mechanisms together in order to 
realize ultra-smooth TSV etching at a relatively fast etch rate. It is found that a transition 
appears on the TSV profile at some experimental conditions, and the sidewall smoothness of 
the profile is distinct above and below the transition. The sidewall smoothness realized by the 
single-step etching method below the transition is significantly improved compared to the 
Bosch process. The formation mechanism of the transition is therefore proposed as a 
chemistry discontinuity caused by large-angle ion sputtering at the top part of the sidewalls. 
The formation of the transition has found to have an effect of improving the sidewall 
smoothness below the position where it is formed. Parameter study has shown that a 
decreased pressure and a reduced SF6/C4F8 ratio can help to improve the sidewall smoothness 
and eliminate the transition on the TSV profile. However, the ER realized by the single-step 
etching is significantly reduced in attempt of eliminating the formation of the transition.  
  Time-dependent simulation models are established for both Bosch process and 
single-step etching method in this study using the finite element method (FEM) software 
COMSOL, by taking into account the thermal etching (F neutrals), ion-enhanced etching (SF3
+ 
ions), neutral deposition (CF2 neutrals) and ion-enhanced deposition (CF3
+ ions) mechanisms. 
It is found by the isotropic SF6 etching simulation that the experimental etch profiles agree 
with the simulation results by using the double energy distribution of the dominating etching 
ions, SF3
+ ions. The same SF6 chemistry is applied in the etching phase in the simulaation 
model established for Bosch processes, combined with a mapped polymer surface 
concentration to all surface locations in the passivation phase. The Bosch process model has 
successfully predicted the ER and the profile details, such as the top scallops of the TSV 
profile. One of the major advantages of the Bosch process model established in this study is it 
is capable of modelling the parameter ramping process by integrating time-dependent process 
paramters. Since the process window of the Bosch process is narrow, the simulation model 
can be a cheap way of predicting TSV profiles.   
  The comparison between the single-step etching simulation results and experiments 
shows that the underlying reason for the formation of the transition is the discrepancy of ion 
angular distributions of etching species and depositing species. Observations from both 
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experiments and simulation indicate that low-energy SF3
+ ions do not significantly introduce 
lateral etching on the sidewalls and the bottom of the TSV profile, and the TSV etching is 
mainly induced by the high-energy SF3
+ ions. Since the number density of the high-energy 
SF3
+ ions is small, the ER realized by single-step etching is expected to be much smaller 
compared to a Bosch process. An important conclusion from the comparison of the simulation 
results and experiments is that the low-energy SF3
+ ions mainly participate in the polymer 
sputtering process and the high-energy SF3
+ ions are the dominating species for Si etching in 
single-step etching processes. 
  Ultimate solution for etching TSV etching using either the Bosch process or the 
single-step etching will need to be further investigated to realize ultra-smooth, uniform profile 
at a high ER. In principle, a reverse polymerization chemistry can be a solution for the 
bowing and transition formation, meaning a deposition chemistry which preferably deposit 
polymer films at the top sidewalls of the etch profile. However, this type of passivation 
mechanism has not been reported to the best knowledge of the author. Since the transition 
produced by the single-step etching method is caused by the ion angular distributions (IADs) 
difference of the etching and passivation ions, it is therefore ideal to investigate a controllable 
technique for accurately controlling the IADs of all the ion species in the plasma, or even use 
neutral energetic beam as an alternative etching method to rule out the charge effects 
introduced in the etching process. 
 
7.2 Direction for Future Research 
  There are several relevant aspects in the field of TSV dry etch that should continue, 
motivated by questions left only partially answered in this study. Future research can be 
performed in both experimental and computational work to address the remaining issues in 
TSV profiles and further understand etching and passivation kinetics in TSV etching.  
 
7.2.1 Recommendations for experimental study 
  The fluorine (F) chemistry has been employed and studied to a relatively high degree 
169 
 
in the TSV dry etch in this study for the purpose of accomplish a high etch rate (ER). The 
question remains whether some defects on the etch profile defined by the F chemistry, such as 
the underetch induced by F thermal etching, can be related to other profile morphology, such 
as the top bowing and sidewall smoothness, of the TSV etch profile. Further investigation can 
be performed using the chlorine (Cl) chemistry to compare with the current F chemistry in 
terms of TSV profile quality. If better etch profile quality can be achieved by the Cl chemistry, 
a combined chemistry of F and Cl can then be further investigated to maximize the ER and 
profile quality in TSV etching at the same time. This type of chemistry study can be applied 
to both the Bosch process and post-etch plasma treatment study. 
  For the single-step etching, questions remains in fully understanding the etching and 
passivation chemistry due to interactions between species dissociated from SF6 and C4F8 in 
the plasma. Further investigations of SF6/C4F8 plasma chemistry are required in order to 
understand the roles of (1) F atoms in the etching and passivation processes, (2) species from 
SF6 in the passivation process, and (3) species from C4F8 in the etching process. In addition, 
in-situ surface chemistry characterizations on the processing wafers can be used to 
complement the plasma chemistry study. For example, an in-situ X-ray photoelectron 
spectroscopy (XPS) technique can be employed to characterize the chemical composition of 
the deposited polymer films using a SF6/C4F8 plasma and to compare with the deposited films 
using a pure C4F8 plasma. 
 
7.2.2 Recommendations for computational study 
  In this study, simulation models established for both the Bosch process and single-step 
etching have employed a two-energy distribution for ions to improve the simulation accuracy. 
However, ion number density distribution as a function of energy should be continuous in the 
plasma. Therefore, the surface reaction rate induced by the ions in equation (4.60) should be 
expressed by an integral of ion energy 𝐸𝑖𝑜𝑛  
 𝑅𝑠 = −
1
𝑁𝑎
∫ 𝑑𝐸𝑖𝑜𝑛
𝐸𝑚𝑎𝑥
𝐸𝑚𝑖𝑛
∫ Γ𝑆𝐹3+(𝐸𝑖𝑜𝑛, 𝜃)𝑌(𝐸𝑖𝑜𝑛, 𝜃)𝑑𝜃
𝜃𝑚𝑎𝑥
𝜃𝑚𝑖𝑛
 (7.1) 
 
170 
 
so that the energy dependence of the surface mechanism is accurately considered.    
  For the simulation model established for the Bosch process, one of the remaining 
issues is that the polymer concentration cs at the beginning of the passivation phase is reset to 
a consistent initial value cs (0) at all surfaces. This assumption is obviously problematic since 
the ion-enhanced deposition is a major contribution for the polymerization on the surface, 
thus the deposited polymer film should have different thickness (or cs values) at different 
surface locations. In addition, a general difficulty in modeling the polymerization process is to 
correctly model the polymer film growth mechanism. Ideally, the polymerization process 
should be characterized by different deposition rate depending on the type of monomers and 
deposited film thickness.  
  For the simulation model established for the single-step etching, a more complete 
surface mechanism scheme can be beneficial for accurate profile prediction. The appropriate 
relation between surface polymer concentration and surface reaction velocity in the 
single-step etching will need further investigations, combining with the plasma chemistry of 
SF6/C4F8 plasmas and surface reaction kinetics. Another critical issue in single-step etching 
simulation is that the finite element analysis (FEA) method used by the COMSOL codes tends 
to smoothen the profile discontinuity caused by the transition formation due to convergence 
concerns. Therefore, only the initial morphology has been modeled for the transition 
formation in this study before the model diverges. Further computational study will need to 
use appropriate assumptions to export all geometry and surface information and re-mesh the 
entire geometry before the model diverges in order to obtain deep etch profiles without affect 
the surface mechanisms.     
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